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Abstract:  The  Phase  l  Matagorda  study  (Maynord  et  al.  2007)  examined 
eight  factors  to  identify  which  pose  a  significant  risk  of  disrupting 
navigation  at  the  Matagorda  Ship  Channel  (MSC)  entrance.  Three  factors 
were  identified  that  warranted  further  study  of  the  risk  of  disrupting  navig¬ 
ation.  These  three  factors  were  flanking  of  the  jetty  and  slope  protection, 
strong  and  asymmetric  currents  on  the  bay  side  of  the  peninsula  and  in  the 
bottleneck  (constricted  portion  of  the  entrance  channel),  and  slope  failures 
that  constrict  the  channel,  create  adverse  currents  for  navigation,  or  lead  to 
shoaling  of  the  channel.  The  risk  factor  of  flanking  and  breaching  of  the  jetty 
and  slope  protection  was  found  to  have  a  minimal  risk  of  disrupting 
navigation  because  the  cross  current  through  the  breach  is  weak  compared 
to  the  longitudinal  current  in  the  navigation  channel.  The  risk  factor  of 
slope  failure  from  the  continuing  scour  of  the  channel  bottom  will  have  a 
minimal  risk  of  disrupting  navigation  because  the  size  of  the  slope  failures 
are  not  large  enough  to  disrupt  currents  or  cause  shoaling  problems. 
However,  slope  failures  will  increase  in  frequency  and  severity  due  to  the 
continuing  scour  of  the  bottleneck.  The  risk  factor  of  strong  and  asymmetric 
currents  poses  a  significant  risk  of  grounding  in  the  existing  navigation 
channel.  In  the  bottleneck,  surface  currents  at  the  center  of  the  channel 
equal  or  exceed  3  knots  more  than  60  percent  of  the  time  and  equal  or 
exceed  5  knots  20  percent  of  the  time.  Based  on  expert  elicitation  of  the 
pilots,  the  reach  between  the  bottleneck  and  Sundown  Island  (B  SI)  is  the 
reach  most  likely  to  experience  a  powered  grounding.  A  ship  simulator  was 
used  to  evaluate  the  effects  of  removal  of  the  bottleneck. 

The  Phase  2  MSC  study  recommends  use  of  a  “current  window”  that  limits 
navigation  to  periods  when  current  in  the  bottleneck  is  less  than  5  knots. 
Daylight  restricting  all  deep  draft  navigation  should  be  considered.  If  the 
5-knot  current  window  and  daylight  restriction  of  all  navigation  cause 
unacceptable  restrictions  on  navigation,  the  structural  alternative  of 
bottleneck  removal  will  significantly  reduce  the  likelihood  of  a  powered 
grounding  at  the  MSC  Entrance.  Relocation  of  Sundown  Island  should 
reduce  adverse  cross  current  effects  in  the  bay. 
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1  Introduction 

The  U.S.  Army  Engineer  District,  Galveston  (hereafter,  the  Galveston 
District),  requested  that  the  Coastal  and  Hydraulics  Laboratory  (CHL), 
U.S.  Army  Engineer  Research  and  Development  Center  (ERDC), 

U.S.  Army  Corps  of  Engineers  (USACE)  conduct  an  evaluation  of  the  risks 
to  navigation  for  the  Matagorda  Ship  Channel  (MSC)  entrance,  TX.  The 
MSC  entrance  passes  through  Matagorda  Peninsula  and  connects  the  Gulf 
of  Mexico  to  Matagorda  Bay  to  provide  deep-draft  navigation.  The  area  of 
concern  in  this  study  was  the  jettied  entrance,  the  bottleneck  portion 
(constricted  channel)  through  the  peninsula,  and  the  portion  of  the 
channel  subject  to  modifications  of  the  tidal  current  by  Sundown  (Bird) 
Island  on  the  bay  side  of  the  peninsula  (Figure  l).  The  study  does  not 
include  traffic  in  the  Gulf  Intracoastal  Waterway  (GIWW)  or  the 
intersection  of  the  GIWW  and  the  MSC.  The  assessment  of  risks  of 
navigation  disruption  is  limited  to  the  Federal  deep-draft  navigation 
project.  ERDC  conducted  a  Phase  l  Study  (Maynord  et  al.  2007)  that 
examined  the  following  eight  potential  risks  to  navigation. 

1 .  J etty  failure  from  hurricanes. 

2.  Shoaling  from  hurricanes. 

3.  Asymmetric  currents  from  partial  jetty  failure. 

4.  Long-term  deterioration  of  jetties. 

5.  Breaching  of  peninsula  away  from  MSC. 

6.  Flanking  of  jetties  of  jetties  or  slope  protection. 

7.  Strong  and  asymmetric  current  on  the  bay  side  of  the  peninsula  and  in  the 
bottleneck. 

8 .  Channel  bottom  scour  leading  to  slope  failures  that  constrict  the  channel, 
create  adverse  currents  for  navigation,  or  lead  to  shoaling  of  the  channel. 

The  phase  1  study  identified  three  factors  requiring  further  study: 

1.  Flanking  of  the  jetties  or  slope  protection. 

2.  Strong  and  asymmetric  current  on  the  bay  side  of  the  peninsula  and  in  the 
bottleneck. 

3.  Slope  failures  that  constrict  the  channel  that  creates  adverse  currents  for 
navigation  or  lead  to  shoaling  of  the  channel. 
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Figure  1.  MSC  entrance  reach  (Top  of  photo  is  North). 


The  Phase  2  Matagorda  study  documented  herein  separates  these  three 
risk  factors  into  operational  risk  factors  (adverse  current)  and  structural 
risk  factors  (flanking  and  slope  failure).  This  Phase  2  study  evaluated  in 
detail  the  three  factors  identified  in  the  Phase  1  Study.  The  MSC  entrance 
study  by  Kraus  et  al.  (2006)  for  the  Galveston  District  was  depended  upon 
herein  and  provides  background  and  history  of  the  project. 

In  evaluating  the  various  components  of  the  MSC  entrance,  this  study 
makes  the  distinction  between  the  section  with  dual  jetties  that  extends 
into  the  Gulf  of  Mexico  and  the  slope-protection  section  that  stabilizes  the 
cut  through  Matagorda  Peninsula.  The  slope  protection  channel  through 
Matagorda  Peninsula  is  also  referred  to  as  the  bottleneck  because  of  its 
lesser  channel  width.  The  bottleneck  has  a  top  width  of  about  950  ft 
compared  to  2,000  ft  between  the  jetties.  Because  the  MSC  has  a  north- 
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west  to  southeast  alignment,  the  jetties  and  shorelines  have  been  referred 
to  as  either  north  and  south  or  east  and  west.  As  used  herein,  the  jetty  and 
shoreline  on  the  northeast  side  of  the  channel  are  referred  to  as  the  north 
jetty  and  north  shoreline.  The  jetty  and  shoreline  on  the  southwest  side  of 
the  channel  are  referred  to  as  the  south  jetty  and  south  shoreline.  The  seg¬ 
ments  on  both  the  north  and  south  sides  of  the  channel  joining  the  jetty 
channel  to  the  slope  protection  channel  and  bottleneck  are  referred  to  as 
spurs. 

After  evaluating  the  risks  related  to  navigation,  two  non-structural  altern¬ 
atives  and  the  structural  risk  reduction  alternative  of  bottleneck  removal 
are  evaluated.  Bottleneck  removal  was  proposed  in  Kraus  et  al.  (2006)  and 
is  evaluated  therein. 

Water  level  is  presented  as  either  mean  sea  level  (MSL)  or  the  Galveston 
District  navigation  datum  mean  low  tide  (MLT).  Numerical  results  are 
presented  in  MSL,  and  and  bathymetry  data  are  presented  in  MLT.  Based 
on  the  2007  bathymetry  data  collected  by  SURVCON,  Inc.,  elevation  in 
North  America  Vertical  Datum  (NAVD)  is  equal  to  elevation  in  MLT  minus 
1.0  ft  in  the  study  reach.  The  two  water  level  gages  in  the  study  area,  Port 
Lavaca  and  Port  O’Connor,  do  not  presently  have  acceptable  ties  between 
NAVD  and  MSL.  The  gage  at  Rockport,  located  approximately  40  miles 
southwest  of  Port  O’Connor,  has  a  published  relationship  between  MSL 
and  NAVD.  Elevation  in  MSL  is  equal  to  elevation  in  NAVD  minus  0.75  ft. 
Based  on  combining  these  two  relationships,  elevation  in  MSL  =  elevation 
in  MLT  minus  1.75  ft.  For  example,  a  channel  bottom  elevation  of  -40  ft 
MLT  would  be  -41.75  ft  MSL. 

The  following  three  chapters  individually  examine  the  three  identified 
risks  of  flanking  of  the  jetty  or  slope  protection,  strong  and  asymmetric 
current  on  the  bay  side  of  the  peninsula  and  in  the  bottleneck,  and  channel 
bottom  scour  leading  to  slope  failures  that  constrict  the  channel,  creates 
adverse  currents  for  navigation,  or  leads  to  shoaling  of  the  channel. 
Chapter  5  provides  a  summary  and  conclusions  of  this  study.  The  appen¬ 
dices  contain  further  technical  documentation  described  in  the  main  text 
of  this  report. 
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2  Structural  Risk  to  Navigation-  Flanking  of 
Jetties  and  Slope  Protection 

General 

The  landward  ends  of  the  MSC  jetties  are  deteriorating.  As  a  result  of  this 
deterioration  and  lowered  beach  and  dunes  adjacent  to  the  jetties,  there 
are  overwash  occurrences  during  times  of  high  water  level  during  cold 
front  passage,  tropical  storms,  and  hurricanes.  The  impoundment  of  water 
at  the  south  jetty  and  overwash  channels  on  both  south  and  north  sides  of 
the  bottleneck,  as  observed  in  aerial  photographs  (Figures  2  and  3)  taken 
over  the  past  several  years,  indicate  the  potential  risk  of  major  breaches  in 
the  next  tropical  storm  or  hurricane.  Once  open,  such  breaches  may  not 
close,  compromising  the  navigation  project  due  to  stranding  of  the  jetty,  a 
large  increase  in  sand  shoaling  in  the  channel,  and  a  possible  crosscurrent. 
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Figure  3.  Overwash  channels  and  impoundment  of  water  landward  of 

south  jetty. 


Storm  conditions 

In  this  risk  assessment  study,  evaluation  of  the  consequences  of  flanking  at 
the  jetties  was  based  on  numerical  simulations  for  the  50-year  life-cycle 
storm,  a  most  likely  severe  storm  to  occur  at  MSC  based  on  historical 
observation  (Table  1).  Thirty-five  historical  tropical  storms  with  calculated 
or  observed  storm  surges  greater  than  0.1  m  at  the  MSC  were  selected 
from  1886  to  2005  for  the  life-cycle  risk  analysis.  Table  1  presents  the 
storm  category  (based  on  the  wind  strength  and  center  pressure  data  on 
Saffir-Simpson  Hurricane  Wind  Scale,  http://www.nhc.noaa.gov/aboutsshs.shtmi')  and 
surge  information,  and  Table  2  presents  the  tropical  storm  parameters. 
Figure  4  shows  the  storm  track  map.  For  the  35  analyzed  cyclones,  the 
mean  and  standard  deviation  of  the  storm  moving  speeds  are  12  and 
4  mph,  respectively.  The  mean  and  standard  deviation  of  the  effective 
storm  surge  duration,  defined  as  the  time  interval  corresponding  to  the 
water  level  greater  than  95  percent  of  the  peak  surge,  are  6  and  2  hr, 
respectively.  Using  a  stationary  hurricane  model  and  the  Empirical 
Simulation  Technique  (Scheffner  et  al.  1999),  the  storm  surge,  maximum 
wind  speed,  and  central  pressure  deficit  were  calculated  for  the  return 
periods  between  50  and  1,000  years.  The  Empirical  Simulation  Technique 
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Table  1.  Tropical  storms  from  1886-2005  affecting  MSC. 


Storm  No. 

Year/Month 

Name 

Category 

Storm  Surge  (m) 

Source* 

1 

1886/Aug 

None 

4 

1.3 

a 

2 

1886/Sep 

None 

2 

1.0 

a 

3 

1900/Aug 

None 

4 

0.8 

b 

4 

1909/Jun 

None 

2 

0.3 

a 

5 

1909/Jul 

None 

3 

0.4 

a 

6 

1916/Aug 

None 

4 

1.2 

a 

7 

1919/Sep 

None 

4 

2.8 

b 

8 

1929/Jun 

None 

1 

1.2 

a 

9 

1933/Sep 

None 

3 

0.5 

a 

10 

1934/Jul 

None 

1 

1.3 

b 

11 

1936/Jun 

None 

1 

0.8 

b 

12 

1941/Sep 

None 

1 

0.5 

c 

13 

1942/Aug 

None 

3 

2.5 

b 

14 

1945/Aug 

None 

4 

2.1 

a 

15 

1957/Jun 

Audrey 

4 

0.3 

a 

16 

1959/Jul 

Debra 

1 

0.4 

a 

17 

1961/Sep 

Carla 

5 

3.8 

a,  c 

18 

1970/Aug 

Celia 

3 

3.5 

a,  c 

19 

1971/Sep 

Fern 

5 

0.4 

a 

20 

1971/Sep 

Edith 

1 

1.4 

a 

21 

1973/Sep 

Delia 

0 

0.4 

a 

22 

1980/Aug 

Allen 

5 

1.5 

a 

23 

1983/Aug 

Alicia 

3 

0.6 

d 

24 

1998/Aug 

Charley 

0 

0.6 

d 

25 

1998/Sep 

Frances 

0 

0.8 

d 

26 

2001/Jun 

Allison 

0 

0.3 

d 

27 

2002/Aug 

Bertha 

0 

0.2 

d 

28 

2002/Sep 

Fay 

0 

0.4 

d 

29 

2002/Sep 

Lili 

4 

0.3 

d 

30 

2003/Jul 

Claudette 

1 

2.2 

d 

31 

2003/Aug 

Erika 

1 

0.1 

d 

32 

2003/Aug 

Grace 

0 

0.2 

d 

33 

2004/Sep 

Ivan 

5 

0.4 

d 

34 

2005/Jul 

Emily 

5 

0.5 

d 

35 

2005/Sep 

Rita 

5 

0.7 

d 

NOTE:  a:  numerical  simulation  (Scheffner  et  al.  1994) ;  b:  historical  data;  c:  post-storm  report  (U.S. 

Army  Engineer  District  Corps  of  Engineers,  Galveston,  TX);  d:  Texas  Coastal  Ocean  Observation 

Network  (http://lighthouse.tamucc.edu/TCOON/HomePage). 
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Table  2.  Properties  of  tropical  storms  from  1986-2005  affecting  MSC. 


Storm  No.  Storm  Radius  Max  Wind 


Central 


Speed  (knot)  Pressure  (mb) 


Storm  Forward  Peak  Surge 
Speed  (m/sec)  Duration  (hr) 


1 

34.5 

135 

925 

5.5 

4.2 

2 

35.7 

85 

973 

2.7 

8.8 

3 

37.0 

125 

936 

6.0 

4.2 

4 

38.0 

85 

972 

3.7 

7.0 

5 

40.0 

100 

959 

5.0 

5.5 

6 

34.0 

115 

932 

9.0 

2.5 

7 

34.0 

125 

931 

4.6 

5.0 

8 

39.0 

75 

979 

5.2 

5.0 

9 

35.0 

110 

958 

6.0 

4.0 

10 

41.0 

65 

985 

6.0 

5.0 

11 

40.0 

70 

982 

3.0 

9.0 

12 

40.0 

75 

977 

4.5 

6.0 

13 

35.0 

100 

964 

7.0 

3.5 

14 

37.0 

120 

955 

2.5 

10.( 

15 

38.0 

125 

946 

7.2 

3.5 

16 

42.0 

75 

979 

2.0 

14.  ( 

17 

32.0 

150 

931 

3.0 

7.0 

18 

38.0 

110 

945 

7.0 

3.7 

19 

41.0 

85 

977 

6.7 

4.1 

20 

41.0 

75 

979 

3.0 

9.5 

21 

41.0 

60 

986 

5.0 

6.0 

22 

28.0 

155 

909 

6.0 

3.0 

23 

41.0 

100 

963 

2.5 

10.( 

24 

41.0 

60 

1001 

6.0 

4.5 

25 

41.0 

55 

990 

5.5 

5.0 

26 

43.0 

50 

1002 

5.3 

5.3 

27 

44.0 

35 

1008 

3.1 

9.5 

28 

41.0 

50 

998 

1.5 

20. ( 

29 

34.0 

125 

940 

7.6 

3.0 

30 

41.0 

75 

982 

4.5 

6.0 

31 

38.0 

65 

988 

8.5 

3.0 

32 

44.0 

35 

1007 

8.0 

3.5 

33 

43.0 

50 

998 

7.5 

3.8 

34 

33.5 

110 

944 

5.0 

4.5 

35 

36.0 

115 

924 

5.0 

5.0 
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is  a  conventional  method  for  simulating  multiple  life-cycle  sequences  of 
multiparameter  systems  such  as  hurricanes  and  their  environmental 
impacts.  It  generates  frequency-of-occurrence  relationships  to  ensure  that 
the  future  events  are  statistically  similar  in  magnitudes  and  frequency  to 
past  events.  It  is  by  far  the  most  applied,  computationally  inexpensive, 
and  accepted  method  for  any  frequency-related  phenomena.  The  use  of  a 
stationary  hurricane  model  over  a  non-stationary  hurricane  is  to  eliminate 
the  randomness  of  storm  movement  to  reduce  the  uncertainty  in  the  freq¬ 
uency-of-occurrence  analysis.  The  corresponding  significant  wave  height 
and  peak  period  were  calculated  as  a  function  of  the  maximum  wind  speed 
by  the  deepwater  formulas  described  in  the  Coastal  Engineering  Manual 
(2002).  Table  3  presents  the  calculated  storm  surge,  maximum  wind 
speed,  and  significant  wave  height  and  peak  period  for  the  life  cycles 
between  50  and  1,000  years.  Appendix  A  summarizes  the  methodologies 
and  calculations  in  the  life-cycle  risk  analysis. 
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Table  3.  Hurricane  surge,  maximum  wind,  maximum  wave  life-cycle  predictions. 


Return  Period 
(year) 

50 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1,000 

Storm  surge  (m) 

3.5 

4.2 

5.0 

5.4 

5.7 

6.0 

6.1 

6.3 

6.5 

6.6 

6.7 

Max  wind  speed*  (mph) 

139 

149 

155 

158 

160 

161 

162 

163 

164 

165 

165 

Max  wind  speed** 

(mph) 

151 

161 

167 

170 

172 

173 

174 

175 

176 

177 

177 

Sig.  wave  height**  (m) 

12.9 

14.7 

15.8 

16.4 

16.8 

17.0 

17.1 

17.3 

17.5 

17.6 

17.7 

Dominant  period** 

(sec) 

13.8 

14.7 

15.2 

15.5 

15.7 

15.8 

15.9 

16.0 

16.1 

16.1 

16.1 

*  Stationary  hurricanes. 

**  Moving  hurricanes  with  an  average  forward  speed  =  12  mph. 

Storm  wave  simulation 

Two  two-dimensional  (2D)  numerical  models,  CMS-Flow  and  CMS-Wave 
from  the  Coastal  Inlets  Research  Program’s  (CIRP)  Coastal  Modeling 
System  (CMS)  (Buttolph  et  al.  2006;  Lin  et  al.  2008)  were  applied  to 
simulate  the  flanking  of  the  jetties.  The  CMS  calculates  changes  in  water 
level  and  current  by  tide,  waves,  and  wind,  and  this  information  was  fed  to 
a  sediment  transport  calculation  and  resultant  morphology  (depth) 
change.  CMS-Flow  (Militello  et  al.  2004)  is  a  finite-difference  model  that 
solves  2D  depth-integrated  continuity  and  momentum  equations  of  water 
motion  for  current  and  water  level  fields  on  a  rectangular  grid.  The  CMS 
grid  can  have  variable  cell  sizes  in  the  Cartesian  coordinates.  The  CMS 
contains  integrated  calculations  of  sediment  transport  and  morphology 
change  through  transport  rate  formulation,  the  advection-diffusion  equa¬ 
tion,  and  the  sediment  continuity  equation.  It  can  be  driven  by  ocean  tides, 
river  flow,  surface  wind,  as  well  as  wave  forcing. 

Three  sediment  transport  formulations  are  available  in  CMS:  the 
Watanabe  (1987),  the  Lund-CIRP  (Camenen  and  Larson  2005,  2007),  and 
the  Advection-Diffusion  (AD)  equation  (Buttolph  et  al.  2006).  The 
Watanabe  formula  produces  a  total  transport  rate  whereas  the  Lund-CIRP 
and  AD  equations  compute  both  bed  load  and  suspended  load.  Transport 
rates  are  applied  in  the  sediment  continuity  equation  to  calculate  the 
morphology  change.  The  sediment  calculation  was  recently  upgraded  to  a 
finite-volume,  non-equilibrium  transport  model  to  better  simulate  the 
natural  sediment  transport  process. 
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CMS-Wave  (Mase  et  al.  2005;  Lin  et  al.  2008)  is  a  wave  spectral  model 
that  uses  a  forward-marching,  finite- difference  implicit-scheme  to  solve 
the  wave  action  balance  equation  for  the  spatial  variation  of  wave  energy 
in  the  near  shore  around  coastal  structures.  It  calculates  wave  spectral 
transformation  in  a  half-plane  rectangular  grid  (e.g.,  wave  energy  is  moved 
from  offshore  toward  the  coastline  within  a  o-to-180  degree  sector  of  the 
primary  incident  wave  direction  at  deepwater).  The  model  contains  theor¬ 
etically  developed  approximations  for  both  wave  diffraction  and  reflection 
and  is  suited  to  wave  simulations  at  coastal  structures.  Incident  wave  con¬ 
ditions  are  specified  either  as  parameters  (significant  wave  height,  peak 
period,  and  peak  wave  direction)  or  2D  spectra  (energy  densities  in  freq¬ 
uency  and  direction  spaces)  at  the  seaward  boundary.  The  primary  output 
parameters  are  the  wave  height,  period,  and  direction.  The  2D  wave 
spectra  at  special  output  locations,  radiation  stresses,  and  wave  breaking 
fields  may  also  be  output. 

CMS-Flow  and  CMS-Wave  are  coupled  for  the  sediment  transport  and 
morphology  change  calculations.  CMS-Flow  calculates  the  water  level, 
current,  and  sediment  transport  to  update  the  morphology  as  input  to 
CMS-Wave.  Because  waves,  interacting  with  tidal  currents  and  breaking  in 
the  nearshore,  are  considered  as  the  main  driving  forces  for  the  longshore 
current  and  sediment  processes,  the  CMS-Wave  calculates  and  outputs 
wave  parameters  and  radiation  stresses  as  the  main  driving  forces  to  the 
CMS-Flow.  Coupling  CMS-Flow  and  CMS-Wave  is  accomplished  on  desk¬ 
top  computers  in  the  Surface-water  Modeling  System  (SMS)  interface 
(Zundel  2006).  The  interface  allows  the  generation  of  grids  and  the  visual¬ 
ization  of  model  results,  and  allows  specification  of  the  numerical  para¬ 
meters  required  for  a  simulation. 

The  CMS-Wave  simulations  were  conducted  on  a  regional  grid  and  a  local 
grid.  The  regional  grid  was  used  for  the  storm  wave  generation  in  the  Gulf  of 
Mexico,  and  the  local  grid  was  used  for  the  nearshore  wave  transformation 
at  the  MSC.  The  simulation  from  the  regional  grid  supplies  the  wave  spect¬ 
rum  input  to  the  local  grid.  The  regional  grid  covered  a  rectangular  area  of 
150  km  x  150  km,  with  a  constant  cell  size  of  100-m  x  100-m,  that  extended 
seaward  from  the  Texas  south  central  coast  to  the  1,000-m  depth  contour  in 
the  Gulf  of  Mexico.  The  size  of  the  regional  grid  was  so  designed  for  CMS- 
Wave  to  generate  all  of  the  shoreward  wave  components  from  an  approach¬ 
ing  hurricane.  CMS-Wave  can  simulate  the  full-plane  wave  generation  but 
will  require  covering  the  entire  Gulf  of  Mexico  in  the  model,  which  seems 
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unnecessary  in  the  present  study.  The  local  grid  extends  4.4  km  north  and 
3.8  km  south  of  the  MSC  and  5.5  km  seaward  to  the  12-m  depth  contour.  It 
consisted  of  variable  rectangular  cell  sizes,  with  the  smallest  cell  of  approx¬ 
imately  20  m  x  20  m  in  the  entrance  channel  to  the  largest  cell  of 
150  m  x  150  m  at  the  seaward  boundary.  The  bathymetry  in  the  region  grid 
was  supplied  by  the  Geophysical  Data  System  for  Hydrographic  Survey  Data 
(GEODAS)  f  http://gcmd.nasa.gov/records/GEODAS.htmi').  The  bathymetry  in  the  local 
grid  was  extracted  from  a  grid  developed  in  a  previous  study  (Kraus  et  al. 
2006)  and  incorporated  with  recent  hydrographic  and  land  surveys 
conducted  in  May  2008  and  LiDAR  data  collected  in  August  2008  that 
covered  the  bottleneck  and  entrance  channel  area.  Figure  5  shows  the 
regional  and  local  wave  bathymetry  grids  where  the  depth  contours  are 
relative  to  MSL.  The  CMS-Flow  grid  covers  a  10.6-km-long  and  8.4-km- 
wide  area  that  extended  the  local  wave  grid  bayward  to  the  south  perimeter 
of  GIWW  in  the  bay  (Figure  6).  The  bathymetry  in  the  CMS-Flow  grid 
incorporated  the  hydrographic  survey  conducted  in  January  2009  that 
covered  the  bay  and  the  Bird  Island  area  east  of  the  navigation  channel. 

The  CMS  was  configured  to  simulate  a  50-year  life-cycle  hurricane,  which 
corresponds  to  a  3.5-m  storm  surge  (Category  3)  with  the  maximum  wind 
speed  of  151  mph  (Category  4)  and  significant  waves  of  12.9  m  and  13.8  sec 
in  the  Gulf  of  Mexico.  For  the  hurricane  wave  simulation  in  the  regional 
grid,  the  average  shoreward  wind  component  was  required  and  it  was  equal 
to  61  mph,  as  obtained  by  multiplying  a  conversion  factor  of  0.4051  to  the 
maximum  wind  speed  as  part  of  a  standard  averaging  technique.  Three 
wave  directions  of  east,  southeast,  and  south  were  simulated  for  the  direct 
impact  of  storm  waves  to  the  north  jetty,  the  entrance  channel,  and  the 
south  jetty,  respectively.  Figure  7  is  an  example  of  a  calculated  wave  height 
field  for  a  hurricane  incident  from  the  south.  The  simulation  result  from  the 
regional  wave  grid  supplies  the  wave  spectrum  input  to  the  local  grid  for  the 
nearshore  wave  transformation  at  the  MSC  entrance. 
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Figure  6.  CMS-flow  bathymetry  grid  (MSL  datum). 
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Figure  7.  Calculated  regional  wave  field  for  hurricane  from  south. 


Breaching  simulation 

Breaching  potential  is  great  for  elevated  water  level,  because  a  high  level 
allows  waves  and  water  flow  to  penetrate  higher  on  land.  The  breaching 
simulations  were  conducted  for  a  50-year  Category  3  storm  surge  in  the 
local  CMS  grids  for  hurricanes  from  the  east,  southeast,  and  south  using 
the  incident  waves  calculated  in  the  regional  wave  grid.  The  incident  wave 
heights  extracted  from  the  regional  grid  for  the  local  CMS  grid  are  equal  to 
8.1,  9.3,  and  7.5  m  for  hurricanes  from  the  east,  southeast,  and  south, 
respectively.  The  simulation  run  corresponded  to  a  12-hr  period  for  which 
the  water  level  was  specified  to  increase  linearly  from  o  m  to  3  m  (MSL)  in 
the  first  3  hr  and  continued  to  rise  to  the  maximum  level  of  3.5  m, 
including  the  normal  tide  in  the  next  l-hr  period.  The  storm  surge 
remained  at  the  peak  level  of  3.5  m  for  4  hr  before  receding  gradually  to 
o  m  at  the  end  of  the  12-hr  simulation. 

The  CMS  is  capable  of  simulating  a  breach  through  coupled  sediment 
transport  and  morphology  change  forced  by  combined  waves  and  current. 
CMS-Wave  was  recently  upgraded  to  calculate  wave  run-up  and  over¬ 
topping  on  beaches  and  jetties,  which  allows  a  realistic  representation  of 
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the  extreme  water  levels  that  accompany  storms.  For  the  coupled  wave 
and  flow  simulations,  the  current  field  was  updated  at  l-hr  intervals  after 
the  current  field  was  calculated.  Sediment  transport  and  morphology 
change  were  calculated  at  l-min  intervals.  Local  wave  properties  and 
radiation  stresses  computed  by  CMS-Wave  were  input  to  CMS-Flow,  and 
the  water  level,  current,  and  morphology  change  were  calculated  by  CMS- 
Flow  and  fed  back  to  CMS-Wave. 

Wave  run-up,  with  the  water  level  rising  at  the  beginning  of  the  surge, 
promoted  flow  over  the  existing  overwash  channel  and  low  crest  segment 
of  the  jetties  to  initiate  breaching.  The  jetty  section  presently  residing  on 
sand  was  allowed  to  be  erodible,  whereas  the  offshore  end  of  the  jetty  was 
not  erodible.  As  the  water  level  continued  to  rise,  erosion  and  scour  occu¬ 
rred,  and  the  breach  expanded  and  deepened  as  a  result  of  sediment  trans¬ 
port  calculated  from  higher  waves  and  strong  current.  The  breaching 
calculation  terminated  after  the  storm  surge  receded,  because  the  brea¬ 
ched  area  became  dry. 

A  hydrodynamic  time  step  of  0.5  sec  was  specified  in  CMS-Flow  to  satisfy 
the  Courant  criterion  for  stable  numerical  solutions.  The  sediment  trans¬ 
port  and  morphology  time  step  were  specified  as  0.5  and  9  sec,  respect¬ 
ively.  The  AD  equation  was  selected  in  the  sediment  transport  calculation. 

Figures  8  and  9  show  calculated  storm  wave  height  contours  during  the 
peak  surge  for  incident  waves  from  the  south  and  southeast,  respectively, 
in  the  local  CMS-Wave  grid.  Because  the  nearshore  bottom  slope  was 
steeper  along  the  beach  east  of  the  MSC  entrance,  waves  broke  closer  to 
shore  on  the  north  beach  than  on  the  south  beach.  The  calculated  wave 
heights  were  slightly  greater  in  the  outer  channel  as  waves  coming  from  an 
oblique  angle  refracted  across  the  deeper  channel.  Figures  10  and  11  show 
calculated  current  fields  as  input  to  CMS-Wave  during  the  peak  surge  for 
incident  waves  from  southeast  and  south,  respectively.  Hurricane  waves 
approaching  from  the  south  generated  a  strong  longshore  current  as  a 
result  of  wave  breaking  in  the  nearshore.  For  a  hurricane  from  the  south¬ 
east,  the  waves  were  almost  normal  to  the  shoreline,  providing  a  weak 
longshore  current  at  the  MSC  entrance. 


ERDC  TR-11-8 


15 


Figure  9.  Calculated  local  wave  field  for  hurricane  from  southeast. 
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Figure  10.  Calculated  local  current  field  for  hurricane  waves  from  south. 


Figure  11.  Calculated  local  current  field  for  a  hurricane  waves  from  southeast. 
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Figures  12  to  14  show  calculated  morphology  changes  at  the  end  of  12-hr 
simulations  for  hurricane  waves  from  the  east,  south,  and  southeast, 
respectively.  Positive  values  denote  accretion  (warm  colors),  and  negative 
values  denote  erosion  (cool  colors).  There  is  more  channel  scour  in  the 
bottleneck  and  between  the  two  jetties  for  storm  waves  from  the  southeast, 
and  more  channel  infilling  between  the  two  jetty  tips.  Figures  15  to  17  show 
the  morphology  changes  in  the  enlarged  area  at  the  landward  ends  of  jetties 
for  waves  from  the  east,  south,  and  southeast,  respectively.  The  model 
simulations  showed  the  erosion  on  the  beach  and  channel  bank  as  a  result 
of  inundation  from  the  higher  water  level  and  overwash  and  breaching  at 
the  landward  end  of  jetties  during  the  storm  surge.  Figures  18  and  19  show 
the  three-dimensional  (3D)  view  of  depth  contours  and  current  fields 
corresponding  to  the  2nd  and  12th  hr,  respectively,  representing  the  pre-  and 
post-storm  surge  conditions  in  the  12-hr  simulation  for  hurricane  waves 
from  the  south.  The  breaching  at  the  south  jetty  and  the  scour  on  the 
channel  bank  in  the  bottleneck,  which  occurred  during  the  storm  surge,  is 
clearly  shown  in  Figure  19. 


Figure  12.  Calculated  morphology  change  for  hurricane  waves  from  north. 
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Figure  13.  Calculated  morphology  change  for  hurricane  waves  from  south. 


Figure  14.  Calculated  morphology  change  for  hurricane  waves  from  southeast. 
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Figure  18.  3D  view  of  calculated  water  depth  and  current  field  before  peak 
storm  surge  for  hurricane  waves  from  south. 
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Figure  19.  3D  view  of  calculated  water  depth  and  current  field  after  peak 
storm  surge  for  hurricane  waves  from  south. 


The  CMS  predicted  a  breach  at  the  landward  end  of  both  jetties  in  the  case 
of  storm  waves  from  the  east  or  south.  For  storm  waves  from  the  south,  a 
larger  150-m-wide  and  3.5-m-deep  breach  occurred  at  the  south  jetty  for 
waves  from  the  south.  For  storm  waves  from  the  east,  a  larger  110-m-wide 
and  2.5-m-deep  breach  occurs  at  the  north  jetty.  For  the  storm  waves  from 
southeast,  only  a  110-m-wide  and  3-m-deep  breach  occurred  at  the  south 
jetty.  Sediment  can  enter  the  MSC  entrance  channel  through  the  breach 
under  combined  storm  wave  and  current  actions.  However,  because  of  the 
strong  current  in  the  bottleneck  during  the  hurricane,  the  sediment  that 
enters  the  MSC  through  the  breach  tended  to  deposit  near  the  breach 
along  the  jetty  or  in  the  channel  bank  area. 

Post-hurricane  simulation 

The  impact  of  breaching  and  flanking  at  the  landward  ends  of  the  jetties 
during  hurricane  passage  was  evaluated  by  the  simulation  of  post-storm 
conditions.  The  new  bathymetry  from  the  Category  3  hurricane  surge 
simulation  was  specified  as  the  initial  bathymetry  for  the  post-storm  cond¬ 
ition.  Two  different  periods  were  modeled:  (1)  1-14  January  2004  and, 

(2)  1-10  June  2008.  The  period  of  1-14  January  2004,  covered  a  spring  tide 
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and  a  winter  cold  front  passage  with  small  river  discharges  from  the 
Colorado  River  and  Lavaca  River.  The  period  of  1-10  June  2008  repres¬ 
ented  a  typical  summer  condition  with  prevalent  southeasterly  winds  and 
a  daily  sea  breeze,  also  with  small  river  discharges  into  the  bay.  Figures  20 
and  21  show  the  water  level,  wind,  and  river  flow  data  collected  in  these 
two  periods.  For  each,  the  hydrodynamics  in  the  regional  domain  covering 
the  entire  Matagorda  Bay  and  East  Matagorda  Bay  was  calculated  by  a 
regional  model  forced  by  the  water  level  in  the  Gulf  of  Mexico,  river  dis¬ 
charges  in  the  bay,  and  wind  fields  over  the  model  domain.  Figure  22 
shows  the  regional  grid.  The  regional  model  was  run  for  January  2004  in 
the  previous  study  (Kraus  et  al.  2006).  The  calculated  water  levels  and 
current  vectors  from  the  regional  model  served  as  input  to  CMS  in  the 
local  grid  that  covers  the  MSC  entrance. 

For  the  period  of  1-14  January  2004,  three  CMS  runs  were  conducted:  (1)  a 
large  south  jetty  breach  (from  the  simulation  of  Category  3  hurricane 
waves  from  the  south)  and  a  constant  l-m,  6-sec  incident  wave  from  the 
south,  representing  the  winter  average  wave  condition  from  the  south, 

(2)  a  large  north  jetty  breach  (from  the  simulation  of  Category  3  hurricane 
waves  from  the  east)  and  a  constant  2-m,  8-sec  incident  wave  from  the 
east,  representing  the  winter  average  wave  condition  from  the  east,  and 

(3)  the  existing  configuration  (no  breach)  and  a  constant  2-m,  8-sec  wave 
from  the  east.  These  14-day  simulations  showed  that  the  initial  breach 
from  the  hurricane  waves  can  become  slightly  deeper,  with  the  maximum 
depth  increased  approximately  by  0.5  m,  but  not  wider  in  the  post-storm 
condition.  Sediment  from  the  longshore  transport  can  enter  the  MSC 
entrance  through  the  breach,  but  it  was  quickly  carried  away  by  the  strong 
tidal  currents.  The  current  magnitude  in  the  MSC  entrance  increases  only 
a  little  from  the  breaching  at  the  landward  ends  of  the  jetties.  Figure  23 
shows  the  morphology  change  from  the  post-storm  simulation  for  the 
breach  with  constant  incident  waves  from  the  south.  Figure  24  shows  the 
morphology  change  for  the  existing  configuration  with  incident  waves 
from  the  east.  The  flow  fields  shown  in  Figures  23  and  24  represent  a 
typical  flood  condition  in  the  simulations.  Figure  25  shows  the  comparison 
of  current  speeds  at  the  bay  entrance,  gulf  entrance,  and  in  the  middle  of 
the  bottleneck  from  the  post-storm  simulations  for  l-January  2004. 
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Figure  20.  Measured  water  levels,  wind  speed  and  direction,  and  river  discharge  for 

1-15  January  2004. 
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Figure  21.  Measured  water  levels,  wind  speed  and  direction,  and  river  discharge  for 

1-12  June  2008. 
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Figure  22.  Regional  grid  model  (from  Kraus  et  al.  2008). 


Figure  23.  Post-storm  morphology  change  with  south  jetty  breach  and  waves  from  south, 

1-14  January  2004. 
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Figure  24.  Post-storm  morphology  change  for  existing  MSC  with  waves  from  east, 

1-14  January  2004. 


For  the  period  of  l-io  June  2008,  four  CMS  runs  were  conducted  using  the 
wave  energy  spectra  measured  by  the  National  Buoy  Data  Center  (NDBC) 
as  the  incident  wave  condition  for  the  assumed  morphology  change  of: 

(1)  a  large  south  jetty  breach  from  the  simulation  of  Category  3  hurricane 
waves  from  the  south,  (2)  a  large  north  jetty  breach  from  the  simulation  of 
Category  3  hurricane  waves  from  the  east,  (3)  a  moderate  south  jetty 
breach  from  the  simulation  of  Category  3  hurricane  waves  from  the  south¬ 
east,  and  (4)  the  existing  configuration  (no  breach).  Figure  26  shows  the 
time  series  of  wind  and  wave  data  collected  at  NDBC  42019  and  trans¬ 
formed  to  the  local  CMS  grid  seaward  boundary  offshore  from  the  MSC 
entrance  for  1-12  June  2008.  Figures  27  and  28  show  the  calculated  post¬ 
storm  morphology  change  with  the  breach  caused  by  hurricane  waves 
from  the  south  and  east,  respectively.  The  flow  fields  shown  in  Figures  27 
and  28  are  the  maximum  flood  current  condition  in  the  simulations. 

Figure  29  compares  the  calculated  current  speeds  at  the  bay  entrance,  gulf 
entrance,  and  in  the  middle  of  the  bottleneck  from  the  post-storm  simul¬ 
ations  for  1-10  June  2008.  These  simulations  show  that  the  impact  of  the 
jetty  breach  and  flanking  from  a  Category  3  hurricane  is  insignificant  to 
sediment  transport  and  current  magnitude  for  the  post-storm  normal  tide 
and  wave  condition  in  the  MSC. 
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Figure  25.  Calculated  current  speeds  at  MSC  entrance  (sta  1),  middle  of  bottleneck  (sta  2), 
and  gulf  entrance  (sta  3)  in  the  post-storm  simulations  for  1-14  January  2004. 
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Figure  26.  Wind  and  wave  data  at  NDBC  42019  and  offshore  of  MSC  entrance, 

1-12  June  2008. 
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Figure  27.  Post-storm  morphology  change  with  the  south  jetty  breach  and  waves  from 

south,  1-12  June  2008. 


Figure  28.  Post-storm  morphology  change  with  south  jetty  breach  and  waves  from  east, 

1-12  June  2008. 
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Figure  29.  Calculated  current  speeds  at  bay  entrance  (sta  1),  middle  of  bottleneck  (sta  2), 
and  gulf  entrance  (sta  3)  in  post-storm  simulations  for  1-12  June  2008. 
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3  Structural  Risk  to  Navigation-  Slope 
Failure 

Purpose  and  approach 

The  purpose  and  scope  of  the  material  described  in  this  chapter  was  to 
determine  channel  slope  stability  and  the  expected  impact  of  slope  failures 
on  navigation  for  existing  channel  slope  geometry  and  future  deeper  geo¬ 
metries  as  a  result  of  scouring.  This  study  was  prompted  by  a  previous 
study  conducted  by  CHL  (Maynord  et  al.  2007),  which  concluded  that 
scour  of  channel  bottom  leading  to  slope  failures  is  one  of  the  significant 
factors  that  poses  a  risk  of  disrupting  navigation  and  recommended  addit¬ 
ional  study  to  quantify  this  risk.  The  recommendations  further  stated  that 
this  study  should  be  based  on  site-specific  data.  Therefore,  the  feedback  of 
these  results  will  not  only  quantify  risk,  but  include  potential  slope  failure 
scenarios  for  input  to  numerical  hydraulic  channel  simulations. 

The  approach  was  to  conduct  a  geologic  and  geotechnical  site  exploration 
that  included  drilling,  sampling,  and  laboratory  testing  to  ascertain  needed 
parameters  to  conduct  a  slope  stability  analyses.  Then,  slope  stability  anal¬ 
yses  were  conducted  on  specific  cross  sections  developed  for  each  of  the 
eight  boring  locations,  four  on  each  side  of  the  channel.  After  these  deter¬ 
ministic  slope  stability  analyses  were  completed,  three  critical  sections 
were  selected  and  simplified  to  use  in  the  probabilistic  slope  stability  anal¬ 
yses  to  provide  information  to  quantify  and  assess  risks  to  facilitate 
decision-making.  Additionally,  the  likely  magnitude  (size)  of  the  failure 
masses  was  estimated  for  input  to  hydraulic  channel  simulations  to  deter¬ 
mine  the  impact,  if  any,  on  navigation. 

Future  scour  of  bottleneck 

Inlet  cross-sectional  stability  and  tidal  prism 

In  the  Phase  1  study,  inlet  area  stability  was  examined  to  understand 
whether  the  existing  inlet  channel  is  in  an  equilibrium  state  or  whether  the 
channel  will  tend  to  scour  or  to  shoal.  The  equilibrium-area  concept  for  a 
tidal  inlet  has  been  a  useful  approach  to  understand  the  adjustment  of  an 
entrance  channel’s  minimum  cross-sectional  area  to  the  basic  hydraulic 
and  sedimentation  characteristics  of  the  inlet  it  serves.  The  development 
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of  the  equations  is  presented  in  the  Phase  l  study.  The  inlet  stability  curve 
concept  was  first  developed  analytically  by  Escoffier  (1940, 1977).  He 
proposed  a  diagram  for  inlet  stability  analysis  in  which  two  curves  are 
initially  plotted  (Figure  30).  One  curve  (thick,  blue  line)  is  the  calculated 
maximum  velocity  through  the  inlet  versus  the  inlet’s  cross-sectional  flow 
area.  A  single  curve  represents  changing  inlet  cross-section  area  condi¬ 
tions  if  ocean  tide  parameters  and  bay  and  inlet  plan  geometry  remain 
relatively  fixed.  As  the  channel  cross-sectional  area  approaches  zero, 
velocity  approaches  zero  because  of  increasing  frictional  stress,  which  is 
inversely  proportional  to  channel  area.  As  channel  area  increases,  friction 
stress  is  reduced,  but  on  the  far  right  side  of  the  curve,  velocity  decreases, 
because  tidal  prism  has  reached  a  maximum,  and  any  channel  area  incr¬ 
ease  will  decrease  the  current  velocity,  as  determined  by  the  continuity 
equation.  This  curve  can  be  constructed  by  calculating  the  maximum 
velocity  V,  resulting  by  varying  channel  cross-sectional  area  A.  The  velocity 
in  the  inlet  V  can  be  determined  by  an  analytical  or  numerical  model.  The 
second  curve  (thin,  green  line),  the  equilibrium  velocity,  is  an  empirical 
stability  criterion  curve  as  given  by  Jarrett  (1976).  The  stability  curve  is 
based  on  sandy  inlet  material. 


Notes:  Areas  are  in  bottleneck  region 

Velocities  are  peak  average  velocity 
for  a  2 -ft  tide 


Figure  30.  Escoffier  plot  for  examining  existing  conditions  in  MSC  entrance. 
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The  Phase  l  Study  describes  the  development  of  the  Escoffier  stability 
curve.  To  apply  the  calibrated  Escoffier  curve,  a  tide  range  of  2  ft  was 
chosen,  corresponding  to  the  average  diurnal  range  of  tide  at  the 
Galveston  Pleasure  Pier  water  level  gauge.  Also  plotted  on  Figure  30  are 
data  points  representing  the  channel  area  and  current  velocity  through  it 
for  the  initial  1963  channel,  the  existing  channel  area,  and  a  data  point  for 
the  proposed  bottleneck  removal  from  Kraus  et  al  (2006).  Also  indicated 
are  the  unstable  and  stable  areas.  Based  on  the  Escoffier  analysis,  the 
channel  will  continue  to  enlarge  until  it  reaches  the  stable  point.  Figure  30 
shows  an  important  finding  of  this  study.  The  velocity  through  the  inlet 
has  reached  its  peak  value.  Although  future  velocities  will  decline,  the  rate 
of  reduction  is  extremely  low. 

The  Galveston  District  (1963)  reports  that  stiff  Beaumont  clay  is  present 
below  an  elevation  of  about  -45  ft.  Almost  all  of  the  bottom  of  the  bottle¬ 
neck  is  below  an  elevation  of  -45  ft.  The  stable  area  point  in  the  Escoffier 
analysis  could  lie  higher  up  the  current  velocity  curve  because  this  analysis 
is  based  on  sandy  inlets.  Once  a  clay  layer  is  reached  during  channel  scour, 
the  equilibrium  velocity  could  be  greater  due  to  the  greater  resistance  to 
erosion  of  the  clay  layer.  In  other  words,  the  inlet’s  stable  cross-section 
area  might  be  less  than  the  value  of  250,000  ft2  found  in  Figure  30.  The 
stable  area  could  possibly  be  in  the  100,000-200,000  ft2  range. 

During  this  Phase  2  study,  four  borings  on  each  side  of  the  bottleneck  were 
taken  down  to  as  much  as  200-ft.  The  soil  profiles  shown  in  Appendix  B 
indicate  a  complex  layering  of  sands,  silts,  and  clays  and  not  the  thick 
Beaumont  clay  below  about  -45  ft  hypothesized  in  the  Phase  1  study.  The 
complexity  of  the  profile  makes  it  difficult  to  establish  the  stable  inlet  cross 
sectional  area  as  well  as  the  rate  of  erosion.  To  further  complicate  the 
determination  of  future  scour,  Figure  31  shows  the  bed  material  in  the 
inlet  based  on  sonar  and  grab  samples.  The  bed  of  the  inlet  is  almost 
completely  covered  with  a  layer  of  shell  hash  of  unknown  thickness. 
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Figure  31.  Results  of  side  scan  sonar  showing  shell  hash  (green)  along  bed  of 
MSC,  riprap  and  jetty  stone  (red),  and  sand  with  trace  amounts  of  shell  (yellow). 


The  complex  soil  profile  and  the  presence  of  shell  hash  makes  application 
of  the  Escoffier  analysis  only  approximate.  As  hypothesized  in  the  Phase  l 
study,  it  is  likely  that  the  stable  inlet  cross  sectional  area  is  less  than  the 
stable  point  of  the  Escoffier  stability  analysis.  An  inlet  area  of  about 
120,000  ft2,  that  is  equal  to  the  cross-section  area  of  Alternatives  2  and 
3  of  Kraus  et  al.  (2006),  is  considered  to  be  the  best  estimate  of  stable  inlet 
area.  Using  a  700-ft  bottom  width,  the  existing  channel  of  about  70,000  ft2 
would  have  to  scour  the  bottom  about  70-ft  before  reaching  the  stable 
cross-sectional  area  of  120,000  ft2. 

Observed  scour  in  bottleneck 

Based  on  the  complex  sediment  profile  and  presence  of  shell  hash  in  the 
inlet,  the  estimate  of  future  scour  used  herein  is  based  on  the  analysis  of 
historical  bathymetry  data  presented  in  the  Phase  1  study.  The  Phase  1 
scour  analysis  is  summarized  herein. 
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Figure  32  shows  stationing  along  the  channel.  All  elevations  in  this  scour 
evaluation  are  in  feet  relative  to  MLT. 

Cross  sections  were  evaluated  at  various  locations  along  the  channel. 
Figure  33  shows  the  2000-2007  surveys  at  sta  1+100  where  there  is  a 
bulge  on  the  lower  bank  that  may  indicate  one  or  more  past  slope  failures. 
Figure  34  shows  the  as-built  section  from  1963  along  with  the  2000-2007 
surveys  at  sta  2+600. 

Over  the  bottleneck  area  from  sta  0+000  to  3+500,  the  average  depth  over 
the  erodable  portion  of  the  channel  (excludes  riprap  side  slopes)  is  about 
80  ft  in  2007.  Since  the  channel  opened  44  years  ago  in  1963,  the  bottom 
elevation  has  degraded  from  elevation  -40  ft  to  the  average  bed  elevation  of 
about  -80  ft.  Channel  area  has  about  tripled  since  1963.  Some  areas  have 
degraded  to  an  elevation  of  -105  ft  MLT.  Using  the  average  bed  elevation  in 
2007,  the  channel  has  degraded  40  ft/44  years  =  0.9  ft/year.  No  other  data 
points  are  available  to  determine  how  the  rate  of  scour  has  varied  over  the 
44  year  period.  The  Escoffier  analysis  presented  previously  shows  that  the 


Figure  32.  Channel  stations  and  2007  bathymetry  plotted  on  2004  aerial  photograph. 
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Cross  Section  at  Station  1+100  of  Slope  Protection 


Figure  33.  Cross  section  at  sta  1+100.  Bank  slope  based  on  average  slope  between  elevation 
-20  and  -50  ft  MLT  on  north  slope  protection  and  -20  and  -40  ft  MLT  on  south  slope 
protection.  Cross  section  plotted  looking  inland. 


Cross  Section  at  Station  2+600  of  Slope  Protection  and  As-built 
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Figure  34.  Cross  section  at  sta  2+600  and  as-built  section.  Bank  slope  based  on  average 
slope  between  elevation  -20  and  -50  ft  MLT.  Cross  section  plotted  looking  inland. 
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velocity  in  the  MSC  Entrance  is  presently  at  its  peak  value  and  present  scour 
is  likely  equal  to  or  greater  than  the  average  value  of  0.9  ft/year.  Based  on 
the  recent  data  and  the  Escoffier  stability  analysis,  the  channel  bed  has  not 
reached  an  equilibrium  condition  with  respect  to  scour.  The  damage  to  the 
slope  protection  that  has  occurred  since  the  last  repair  in  1994  supports  the 
conclusion  that  the  inlet  bed  has  not  reached  equilibrium. 

Potential  Triggering  mechanisms  for  slope  failures  -  ship  induced 
drawdown  and  waves 

As  ships  traverse  a  confined  channel,  rapid  drawdown  of  the  water  level 
occurs  followed  by  a  return  velocity  moving  from  bow  to  stern  as  the  ship 
displaces  water.  The  ship-induced  rapid  drawdown  could  lead  to  slope 
failure  of  the  steep  side  slopes  in  the  channel.  Using  the  cross  section  at 
sta  2+600  as  representative,  the  cross  section  area  and  top  width  are 
65,000  ft2  and  950  ft,  respectively.  The  drawdown  and  return  velocity 
analysis  will  use  a  Panamax  ship  (beam  =  106  ft)  and  draft  of  36  ft.  Based 
on  conversation  with  MSC  Pilot  Larry  Robinson,  ship  speed  through  the 
bottleneck  will  be  9  knots  (15.2  ft/sec)  relative  to  the  water.  He  stated  that 
speed  applies  to  an  inbound  ship  going  against  a  6-knot  ebb  current 
(speed  over  ground  =  3  knots)  or  a  ship  transiting  with  no  current  (speed 
over  ground  =  9  knots).  Based  on  water  level  drawdown  data  collected  on 
the  Savannah  River  compiled  in  Maynord  (2007)  where  channel  sizes  are 
similar,  and  using  those  ships  having  similar  beam  and  draft  and  similar 
speeds,  maximum  drawdown  will  be  about  1  ft.  Based  on  a  one-dimen¬ 
sional  ship  effects  analysis  in  Maynord  (1996),  return  velocity  for 
sta  2+600  will  be  about  1.5  ft/sec. 

The  width  and  depth  present  in  the  existing  bottleneck  is  adequate  for 
wider  and  deeper  draft  ships,  and  one-way  traffic.  This  statement  does  not 
address  problems  larger  ships  might  experience  with  currents  in  the  exis¬ 
ting  channel.  If  wider  beam  ships  having  deeper  draft  start  using  the 
bottleneck  channel,  drawdown  and  return  velocity  magnitude  will  incr¬ 
ease.  For  example,  if  a  140-ft  beam  ship  with  draft  of  40  ft  transits  the 
bottleneck  section  at  9  knots,  maximum  drawdown  will  be  about  1.5  ft 
based  on  similar  ship  size  and  speed  in  the  Savannah  River.  Return 
velocity  will  be  about  2  ft/sec. 

Numerical  model  simulations  show  that  the  bottleneck  portion  of  the  entr¬ 
ance  channel  can  be  subject  to  3-5  ft  waves  having  period  of  about  5  sec 
(transformed  from  11-sec  spectral  waves  in  the  offshore).  The  shorter 
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waves  (5-sec)  inside  the  entrance  channel  is  a  result  of  more  dissipation  of 
longer  waves  (11-sec)  from  greater  wave  breaking  and  stronger  wind  and 
current  interactions  with  waves  near  the  entrance  channel.  Depending  on 
the  material  properties  of  the  slope,  these  waves  could  cause  enough  pres¬ 
sure  change  over  the  slope  to  trigger  a  slope  failure  in  the  bottleneck. 

These  potential  mechanisms  will  be  examined  later  in  this  chapter  to  see  if 
they  affect  slope  stability. 

Geology 

Geologic  data  were  compiled  for  Matagorda  Island  to  evaluate  the  Holocene 
and  Pleistocene  stratigraphy  in  the  navigation  channel  to  support  the 
engineering  analysis.  Geologic  maps  important  to  this  effort  were  the 
Beeville-Bay  City  Sheet  (Bureau  of  Economic  Geology  1975a  and  b)  and  the 
Port  Lavaca  Area,  Environmental  Geologic  Atlas  of  the  Texas  Coastal  Zone 
(McGowen  et  al.  1976).  Matagorda  Island  is  part  of  an  extensive  Holocene 
barrier  beach  complex  that  fringes  the  Texas  Gulf  Coast.  This  barrier  beach 
system  began  developing  in  response  to  eustatic  sea  level  rise,  caused  by 
glacial  melting  of  the  polar  ice  sheets,  beginning  about  12,000  years  before 
the  present.  Sea  level  rise  continues  today  because  of  warming  global 
climates,  and  the  rate  is  estimated  at  2.75  cm/100  years  (Watson  1990). 

Data  compiled  by  McGowen  et  al.  (1976)  and  the  Bureau  of  Economic 
Geology  (1975a  and  b)  for  the  Port  Lavaca  bay  area  indicate  that  the  shallow 
stratigraphy  beneath  Matagorda  Island  and  the  bay  is  composed  of 
Holocene  estuarine  deposits,  overlying  Pleistocene  sediments  assigned  to 
the  Beaumont  Formation. 

General  stratigraphy  and  chronology 

The  Beaumont  clay  is  approximately  400  to  900  ft  (120  to  275  m)  thick 
along  the  Texas  Gulf  Coast  and  was  produced  from  fine-grained  fluvial- 
deltaic  deposition  of  coastal  plain  river  systems  that  were  draining  into  the 
Gulf  of  Mexico  during  lower  stands  of  sea  water.  These  various  river  systems 
deposited  a  geographically  widespread,  thick  sequence  of  mostly  fine¬ 
grained  sediments  along  the  gulf  coast.  The  Beaumont  is  not  restricted  to 
any  one  river  system,  but  incorporates  all  of  the  various  fluvial-deltaic 
systems  that  were  draining  the  Texas  hill  country  and  the  sediments  that 
were  deposited  by  these  systems.  Beaumont  deposits  include  mainly  stream 
channel,  point  bar,  natural  levee,  and  back  swamp  deposits,  and  to  a  lesser 
extent  coastal  marsh,  mudflat,  and  lagoonal  sediments  (Sellards  et  al.  1990, 
p.  790;  Bureau  of  Economic  Geology  1968a  and  b,  1975a  and  b;  1976). 


ERDC  TR-11-8 


39 


The  present  elevation  surface  of  the  Beaumont,  combined  with  the  nature  of 
Holocene  and  Pleistocene  gulfward  subsidence  rates  along  the  Louisiana 
and  Texas  coastal  zones,  point  to  interglacial  climatic  conditions  for  the 
formation  of  the  Beaumont  and  the  presence  of  maximum  high  sea  level 
stands.  Deposition  of  the  Beaumont  Formation  has  been  estimated  to  have 
occurred  between  50,000  to  125,000  years  before  present,  or  the  time 
period  corresponding  from  Middle  Wisconsin  to  Sangamon  (McGowen 
et  al.  1976). 

During  the  most  recent  Pleistocene  glacial  maximum  in  the  northern  latit¬ 
udes,  about  15,000  years  before  present,  the  sea  level  was  about  350  to 
400  ft  lower  than  present  throughout  the  Gulf  Coast  region.  Thus,  the 
Beaumont  surface  beneath  Matagorda  Island  would  have  been  exposed  to 
atmospheric  weathering,  and  dissected  by  an  ancestral  drainage  network. 
Because  of  this  atmospheric  exposure  and  weathering,  the  Beaumont  sur¬ 
face  is  easily  recognized  in  boring  data  because  of  distinct  lithologic  chara¬ 
cteristics.  These  properties  include  diagnostic  colors,  calcareous  nodules 
and  concretions,  stiff  to  very  stiff  consistency,  high  shear  strengths,  and 
low  water  contents  in  comparison  to  the  overlying  Holocene  back  barrier 
and  barrier  beach  deposits. 

Formation  of  the  present  day  barrier  island  chain  began  developing  as  the 
sea  level  started  rising  12,000  years  before  the  present.  The  rapid  rise  in 
sea  level,  as  shown  by  Figure  35,  drowned  the  preexisting  coastal  drainage 
network,  and  created  the  modern  day  coastline  with  its  fringing  barrier 
islands  and  back  barrier  bays. 

Boring  data  and  geologic  cross  sections 

Eight  borings  were  drilled  for  this  study,  as  shown  by  Figure  36,  and 
detailed  location  and  depth  of  holes  are  provided  in  Table  4.  Four  borings 
were  drilled  on  either  side  of  the  navigation  channel  to  determine  the 
stratigraphy  and  material  properties  of  the  various  geologic  units  beneath 
Matagorda  Island  for  the  engineering  analysis.  The  complete  boring  logs 
are  provided  in  the  report  by  Rock  Engineering  and  Testing  Laboratory 
(2008),  Geotechnical  Investigation  at  the  Matagorda  Ship  Channel 
Matagorda  Peninsula,  TX,  and  parts  of  this  data  are  included  in  the 
geotechnical  summary  tables  presented  in  Appendix  B. 
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Figure  36.  Location  of  borings  drilled  for  this  study. 


Table  4.  Borehole  locations  and  depths  drilled. 


Boring 

Northing 

Easting 

Elevation  (top  of 
hole  (ft) 

Depth  (bottom  of 
hole  (ft) 

B1 

13,350,938.67 

2,824,540.51 

4.29 

200 

B2 

13,349,907.43 

2,825,248.57 

6.81 

170 

B3 

13,349,406.86 

2,825,859.84 

6.78 

175 

B4 

13,348,741.57 

2,826,452.95 

7.41 

195 

B5 

13,349,943.77 

2,827,478.65 

5.26 

200 

B6 

13,350,423.79 

2,826,825.70 

6.20 

175 

B7 

13,350,784.31 

2,826,362.60 

6.23 

200 

B8 

13,351,183.80 

2,825,865.70 

3.91 

175 
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Geologic  cross  sections  were  prepared  from  the  available  boring  data  to 
identify  the  soils  and  stratigraphic  units  both  vertically  and  laterally  along 
the  reach  of  the  navigation  channel.  Cross  sections  parallel  with  the  south 
and  north  banks  of  the  channel  are  presented  in  Figures  37  and  38, 
respectively.  Sections  extending  across  the  navigation  channel  are  pres¬ 
ented  in  Figures  39  through  42,  starting  at  the  gulf  side  near  sta  0+00  (see 
Figure  32  for  stationing)  and  extending  to  the  back  barrier  side  at 
sta  3+100. 

Bathymetry  surveys 

Elevation  data  from  the  navigation  channel  were  obtained  from  a  bathy¬ 
metry  survey  by  the  Galveston  District  in  2007.  The  raw  point  data  from 
this  survey  were  imported  into  ESRFs  ArcView  software,  and  gridded  to 
develop  an  elevation  model  of  the  navigation  channel  (Figure  43).  This 
data  was  then  incorporated  into  the  geologic  cross  sections  presented  in 
Figures  39  through  42.  The  vertical  exaggeration  in  these  cross  sections  is 
ten  times  the  horizontal  scale.  This  vertical  exaggeration  causes  the 
channel  profile  to  show  a  near  vertical  slope,  which  is  an  artifact  of  these 
drawings.  A  topographic  pseudo-3D  view  of  the  navigation  channel  from 
the  back  barrier  side  is  presented  in  Figure  44  to  show  the  bathymetry  of 
the  channel.  This  channel  has  downcut  into  the  underlying  Beaumont 
Formation  to  a  depth  of  about  -112  ft,  National  Geodetic  Vertical  Datum 
(NGVD),  and  has  developed  a  deep  pool  along  the  south  bank  of  the  navi¬ 
gation  channel.  The  Holocene  section  is  approximately  50  to  55  ft  thick. 
The  project  depth  was  originally  dredged  to  -40  ft  NGVD  according  to  the 
design  project  documents. 

Summary  description  of  navigation  channel  sediments 

Holocene  sediments  consist  of  fine  barrier  beach  sands  and  nearshore  gulf 
deposits,  containing  silty  and  clayey  sands  and  back  barrier  estuarine 
muds.  The  Holocene  section  corresponds  to  the  orange  and  brown  eleva¬ 
tion  color  range  in  Figures  43  and  44.  Unified  Soil  Classification  System 
(USCS)  soil  types  are  primarily  coarse  grained  and  are  identified  on  the 
respective  cross  sections  in  Figures  37  through  44.  Also,  detailed  USCS 
soils  information  is  presented  on  the  boring  logs  in  the  foundation  invest¬ 
igation  report  (Rock  Engineering  and  Testing  Laboratory  2008)  and  inclu¬ 
ded  in  geotechnical  summary  tables  in  Appendix  B. 
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Figure  37.  Cross  section  along  south  shore  with  view  looking  north.  Vertical  exaggeration 
of  section  is  ten  times  horizontal.  Individual  boring  logs  are  presented  in  Appendix  B. 
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Matagorda  Ship  Channel 
North  Shore 


Figure  38.  Cross  section  along  north  shore  with  view  looking  north.  Vertical  exaggeration 
of  section  is  ten  times  horizontal.  Individual  boring  logs  are  presented  in  Appendix  B. 
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Distance  in  Feet 


Figure  39.  Cross  section  and  channel  profile  between  borings  B4  and  B8,  corresponding  to 
about  sta  0+500.  Channel  profile  data  obtained  from  bathymetry  survey  data  in  Figure  43. 
Vertical  exaggeration  is  ten  times  horizontal. 
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Figure  40.  Cross  section  and  channel  profile  between  borings  B3  and  B7,  corresponding  to 
about  sta  1+450.  Channel  profile  data  obtained  from  bathymetry  survey  data  in  Figure  43 
Vertical  exaggeration  is  ten  times  horizontal. 
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Figure  41.  Cross  section  and  channel  profile  between  borings  B2  and  B6,  corresponding  to 
about  sta  2+150.  Channel  profile  data  obtained  from  bathymetry  survey  data  in  Figure  43. 
Vertical  exaggeration  is  ten  times  horizontal. 
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Matagorda  Ship  Channel 


Figure  42.  Cross  section  and  channel  profile  between  borings  B1  and  B5,  corresponding  to 
about  sta  3+100.  Channel  profile  data  obtained  from  bathymetry  survey  data  in  Figure  43. 
Vertical  exaggeration  is  ten  times  horizontal. 
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Figure  43.  Bathymetry  grid  of  Matagorda  navigation  channel  developed  from  channel 
survey  by  Galveston  District  in  2007.  Survey  data  were  gridded  with  ArcView  to  produce  a 
contour  map  of  the  channel  and  to  develop  topographic  profiles  across  the  channel  in 

Figures  39  through  42. 
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Figure  44.  Pseudo-3D  view  of  the  Matagorda  navigation  channel  looking  toward  the 
Gulf  of  Mexico  from  the  back  barrier  bay  side.  This  view  shows  a  deep  channel  that 
has  downcut  into  the  Beaumont  Formation.  The  top  of  the  Beaumont  surface  is 
approximately  shown  by  transition  from  orange  to  green  in  illustration. 

Sediments  belonging  to  the  Beaumont  Formation  correspond  to  the  green 
to  cyan  elevation  color  range  in  Figures  43  and  44.  The  Beaumont  surface  is 
characterized  by  a  significant  increase  in  soil  stiffness,  as  compared  to  the 
Holocene  sediments,  because  of  sub-aerial  exposure  during  glacial 
maximum  conditions.  The  surface  of  the  Beaumont  is  fine-grained  (CL  and 
CH).  Boring  and  cross-section  data  in  Figures  37  through  42  identify  what 
appears  to  be  a  point  bar  depositional  sequence,  containing  a  fine-grained 
top  stratum  (CL  and  CH),  underlain  by  a  coarser-grained  substratum  (SM, 
SP).  Boring  data  indicates  that  there  are  stacked  point  bar  sequences 
beneath  the  navigation  channel.  This  picture  is  consistent  with  the  regional 
geology  that  has  been  developed  for  the  Beaumont.  The  navigation  channel 
has  progressively  down  cut  through  the  stiff  top  stratum  of  the  Beaumont 
Formation. 

Soils  data  and  material  properties 

Drilling  and  sampling  program 

The  drilling  and  sampling  program  was  conducted  along  the  north  and 
south  sides  of  the  MSC  entrance  to  collect  site-specific  geotechnical  prop¬ 
erties  of  the  subsurface  to  aid  in  the  stratigraphy  development  needed  to 
conduct  slope  stability  analyses.  The  exploration  program  consisted  of 
eight  borings,  four  on  each  side  of  the  channel,  Bi  to  B4  on  the  south  side 
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and  B5  to  B8  on  the  north  side.  The  borings  ranged  in  depths  from  175  to 
200  ft.  Sampling  consisted  of  undisturbed  samples  and  split  spoon  along 
with  Standard  Penetration  Tests  (SPT).  The  locations  of  the  boreholes  are 
shown  in  Figure  36  and  tabulated  in  Table  4. 

Standard  Penetration  Testing  was  performed  in  the  Barrier  Island  Sands. 
Disturbed  split  spoon  samples  recovered  from  the  SPT  were  used  in  the 
laboratory  testing  program  for  sieve  analysis  and  specific  gravity  testing. 
Both  Standard  Penetration  Testing  and  undisturbed  sampling  were  empl¬ 
oyed  in  the  Beaumont  clay  underlying  the  Barrier  Island  sands.  Undist¬ 
urbed  samples  were  recovered  using  Shelby  tubes  at  depths  where  the 
material  was  cohesive.  Where  the  material  was  sandy,  SPT  were  performed 
with  recovery  of  samples  using  the  split  spoon  sampler.  The  decision  as  to 
which  sampling  technique  to  use  was  made  in  the  field  by  the  drilling 
contractor,  based  on  observations  made  from  cuttings.  The  Beaumont  clay 
was  nominally  sampled  at  5  ft  for  the  200  ft  depth  holes  (B-i,  B-4,  B-5, 
and  B-7)  and  at  10  ft  depth  intervals  for  the  175  ft  holes  (B-2,  B-3,  B-6,  and 
B-8)  from  the  contact  elevation  between  the  Barrier  Island  Sand  and 
Beaumont  clay  to  the  bottom  of  the  borehole. 

For  the  clay  materials  of  the  Beaumont  Formation,  undisturbed  samples 
were  recovered  using  3  in  diameter  Shelby  tubes  having  a  length  of  30  in. 
The  drilling  contractor  extruded  the  samples  from  the  Shelby  tubes  in  the 
field.  A  detailed  description  of  the  sample,  the  hydraulic  pressures  to  adv¬ 
ance  the  Shelby  tube,  pocket  penetrometer  resistance  values  and  depth 
interval  for  sample  recovery  were  noted  in  the  boring  log.  The  complete 
boring  logs  are  provided  in  the  report  by  Rock  Engineering  and  Testing 
Laboratory  (2008),  Geotechnical  Investigation  at  the  Matagorda  Ship 
Channel  Matagorda  Peninsula,  TX,  and  parts  of  this  data  are  included  in 
the  geotechnical  summary  tables  presented  in  Appendix  B. 

Standard  Penetration  Tests 

SPT  were  conducted  in  the  Barrier  Island  sands  and  at  depths  where  sand 
lenses  or  gravel  lenses  were  encountered  in  the  Beaumont  clay  formation  to 
provide  strength  information  needed  for  slope  stability  analyses.  The  SPT  is 
an  in-situ  soil  test  performed  on  the  drill  rig  which  measures  the  penetra¬ 
tion  resistance  of  the  soil  at  various  depths.  The  penetration  resistance  is 
measured  in  terms  of  the  blow  count  or  N-value.  The  N-value  is  the  number 
of  blows  of  a  weight  (hammer)  of  140-lbs  dropping  a  distance  of  30-inches 
that  advances  the  split-spoon  sampler  a  distance  of  l-ft.  The  hammer  weight 


ERDC  TR-11-8 


52 


and  drop  distance  represents  a  standardized  energy  level  for  each  blow.  The 
N-value  is  an  index  value  that  can  be  correlated  to  soil  properties  such  as 
near  strength.  Thus,  generally,  the  higher  the  N-value  the  greater  the 
strength.  The  ASTM  Standard  for  the  SPT  is  Di586-o8a.  A  description  of 
the  SPT  and  the  procedure  needed  to  correlate  SPT  results  to  strength  is 
provided  in  Appendix  B.  A  plot  of  SPT  N-values  corrected  to  (Ni)6o  values 
from  all  the  borings  are  presented  in  Figure  45.  The  SPT  (Ni)6o  values  show 
a  fair  amount  of  scatter  throughout  the  site.  There  is  a  very  diffuse  trend  in 
this  data  of  N  values  which  decreases  with  depth.  This  trend  is  interpreted 
as  predominately  attributed  to  the  increased  clay  nature  of  the  foundation 
with  depth.  The  N-values  range  from  a  minimum  of  5  to  a  maximum  of 
73  for  the  entire  site  with  most  values  found  between  5  and  40.  The  Barrier 
Island  sands  exhibit  a  wider  range  in  N-values  than  those  in  the  underlying 
Beaumont  clay  formation.  The  range  of  median  N-values  for  each  boring 
show  that  the  Barrier  Island  sands  range  between  22  and  30,  and  that  the 
Beaumont  clays  formation  sands  range  between  12  and  23.  Comparing  the 
range  of  medians  from  individual  borings  provides  a  measure  of  spatial 
variability  for  this  site  based  on  the  site  characterization  boring  plan.  This 
shows  that  although  the  Barrier  Island  sands  have  wider  minimum  to 
maximum  variability,  the  most  likely  values  are  less  variable  across  the  site 
than  the  underlying  Beaumont  Clay  formation  sands.  A  nominal  correlation 
of  N-values  to  strength  defined  as  friction  angle  is  also  provided  on  the 
figure.  This  strength  correlation  is  based  on  Table  5  and  is  shown  as  a 
general  comparison,  as  the  actual  assignment  of  strengths  for  analysis 
involved  further  evaluation,  which  resulted  in  the  strengths  discussed  and 
documented  in  the  “Stability  analyses”  section. 

Laboratory  test  program 

The  laboratory  test  program  included  classification  and  strength  testing  to 
characterize  the  Barrier  Island  sands  and  the  clay  layers  in  the  Beaumont 
Clay  formation.  These  objectives  were  achieved  by  performing  tests  on 
undisturbed  samples  recovered  from  the  drilling  and  sampling  program. 
The  tests  were  performed  by  the  Rock  Engineering,  Corpus  Christi,  TX, 
and  Tolunay-Wong  Engineers,  Inc.,  Houston,  TX,  laboratory  soil  testing 
firms;  both  laboratories  are  approved  and  certified  by  the  USACE  Material 
Testing  Center.  The  types  of  tests  performed  on  the  soil  samples  were 
designated  by  ERDC’s  Geotechnical  and  Structures  Laboratory  and  perfor¬ 
med  in  accordance  to  ASTM  standards.  The  classification  tests  included 
sieve  analysis,  Atterberg  limits,  specific  gravity,  and  water  content.  These 
tests  allowed  the  soil  composing  each  sample  to  be  classified  in  accordance 
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with  the  USCS  (ASTM  D2487-00).  These  data  for  each  of  the  eight  borings 
are  provided  in  the  geotechnical  summary  tables  in  Appendix  B. 

The  undrained  soil  strength  of  the  clay  samples  was  determined  from 
Unconsol didated  Undrained  (UU)  shear  tests,  also  known  as  Q-tests.  A 
strength  envelope  was  determined  from  specimens  trimmed  from  each 
specified  undisturbed  sample.  Additionally,  four  consolidation  tests  were 
performed  on  selected  samples  to  determine  the  preconsolidation  pressure 
(Pc)  of  the  samples  in  question  to  evaluate  the  stress-history  in  the 
Beaumont  clay.  The  interpreted  strength  values  and  their  assignment  to 
layers  for  use  in  developing  a  geotechnical  cross  section  for  each  of  the 
eight  borings  for  analyses  are  provided  in  Appendix  C. 
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Figure  45.  SPT  (Ni)6o  values  for  all  borings. 
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Table  5.  (Ni)6o  correlations  to  friction  angle  and  total  unit  weight 
(derived  from  Bowles  1977). 


Blow  Count 

Friction  Angle  (deg) 

Total  Unit  Weight 
(pound/cubic  foot) 

<10 

30 

125 

10-11 

31 

12-13 

32 

14-16 

33 

130 

17-20 

34 

21-23 

35 

24-26 

36 

135 

27-28 

37 

29-30 

38 

>30 

39 

140 

The  number  of  each  type  of  test  performed  is  tabulated  in  Table  6. 


Table  6.  Type  and  number  of  tests  performed  in  laboratory  testing  program. 


Soil  Tests 

Number  of  Tests 

ASTM  standard 

Sieve  Analysis 

175 

D422-63  Reapproved  (07) 

Atterberg  Limits  (LL,  PL,  PI) 

71 

D4318 

Specific  Gravity 

25 

D854 

Water  Content 

176 

D2216-05 

UU  or  Q-Tests 

102 

D2850-03a 

Consolidation 

4 

D2435-04 

Consolidation 

The  consolidation  test  results  were  performed  to  estimate  the  value  of  the 
Pc.  The  Pc  and  the  current  loading  pressure  allow  the  over-consolidation 
ratio  (OCR)  to  be  calculated.  The  OCR  value  indicates  whether  clay  soils  in 
the  strata  are  normally  (current  overburden  stress  is  the  maximum)  or 
over-consolidated  (current  overburden  stress  is  less  than  a  maximum  past 
stress).  An  OCR  value  equal  to  l.o  implies  that  a  soil  is  normally- 
consolidated;  values  greater  than  l.o  imply  that  the  soil  is  over¬ 
consolidated.  The  OCR  value  is  important  when  correlations  are  used  to 
infer  shear  strength  values  because  of  its  influence  on  strength.  The  OCR 
values  were  calculated  for  the  four  consolidation  tests  performed  on  the 
Beaumont  clays  found  in  the  substrata  of  Matagorda  Island.  These  values 
are  presented  in  Table  7  and  plotted  in  Figure  46.  These  data  show  that  the 
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OCR  generally  decreases  with  depth  from  1.8  to  1.2  for  depths  79  to  149  ft, 
respectively,  and  are  generally  consistent  among  the  borings.  The  Pc  can  be 
difficult  to  determine  for  highly  disturbed  samples  and  is  a  potential 
source  of  error.  For  example,  the  OCR  for  boring  B-4,  shown  in  Figure  46, 
could  be  attributed  to  sample  disturbance.  These  data  show  that  the  clays 
are  lightly  over-consolidated. 


Table  7.  Calculated  OCR  values  for  soils  in 
Beaumont  Formation. 


Boring 

Depth  (ft) 

OCR 

B-lt 

79 

1.8 

B-4 

89 

1.2 

B-5 

89 

1.65 

B-6 

149 

1.2 

Figure  46.  Calculated  OCR  values  versus  depth. 
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General  geotechnical  foundation  assessment 

Stratigraphy 

The  geotechnical  evaluation  of  the  boring  and  laboratory  data  show  that  the 
major  geologic  stratigraphy  description  of  the  adjacent  Barrier  Island  sands 
consists  of  a  composite  of  poorly  sorted  sands  (classified  as  plastic  SP)  and 
dirty  sands  (classified  as  either  SM  or  SC  depending  on  the  Atterberg  limits 
of  the  fines  content  of  the  soil).  Dirty  sands  have  a  fines  content  greater  than 
12%  by  weight  and  the  fines  content  is  defined  as  the  material  passing 
through  the  #200  sieve.  These  sands  extend  from  the  ground  surface  to  an 
approximate  depth  of  65  ft.  The  fines  content  found  in  the  barrier  island 
sands  are  non-plastic  silts  and  are  generally  less  than  20  percent.  The 
Barrier  Island  sands  are  fairly  consistent  with  depth  throughout  the  site, 
showing  only  a  modest  increase  of  fines  with  depth.  This  general  strati¬ 
graphy  of  the  Barrier  Island  sands,  based  on  all  of  the  boring  data,  is  shown 
in  Figure  47  in  a  plot  of  percent  fines  with  depth  for  the  eight  borings. 

The  Beaumont  unit  was  interpreted  to  extend  from  the  bottom  of  the 
Barrier  Island  Sands,  at  a  depth  of  65  ft,  to  beyond  the  limit  of  the  explor¬ 
atory  program  (depth  of  200  ft).  The  sands  found  within  the  Beaumont 
Clay  deposits  are  more  uniform  in  grain  size  and  exhibit  higher  fines 
content  and  more  variability,  with  fines  contents  nominally  ranging  from 
10  to  40  percent.  These  fines  are  predominately  non-plastic  (SM).  How¬ 
ever,  some  samples  had  plastic  fines  that  cause  them  to  classify  as  clayey 
sands  (SC).  There  are  two  main  sand  layers  within  the  dominant  clays 
found  at  depths  of  95-115  ft  and  130-145  ft.  Also,  there  appears  to  be  sand 
lenses  located  a  depth  of  160-170  ft. 

As  discussed  in  the  “Geology”  section,  the  Beaumont  Formation  is  described 
as  a  series  of  point  bar  deposits  composed  of  a  clay  top-stratum  overlying  a 
substratum  of  sand.  The  Beaumont  Clay  formation  clays  are  a  mixture  of 
lean  to  fat  clays  (low  plastic  (CL)  to  high  plastic  (CH)).  Inspection  of 
Figure  47  show  that  clays  at  the  upper  point  bar  deposit  of  this  unit,  at 
depths  65  to  95  ft,  range  from  CL  to  CH.  Below  this  top-stratum,  a  distinct 
zone  substratum  of  sand  is  evident,  completing  the  point  bar.  The  next  point 
bar  begins  with  a  layer  of  clays  starting  at  a  depth  of  120  ft  and  an  assoc¬ 
iated  sand  layer  extending  to  140  ft.  The  clay  in  this  layer  is  more  diffuse 
and  is  classified  as  CL.  Another  point  bar  begins,  which  contains  a  diffuse- 
intermixed  sand-clay  layer,  at  a  depth  of  abouti65  ft,  with  the  clays  contain¬ 
ing  much  higher  plastic  fines,  and  is  classified  predominately  as  CH.  The 
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clay  characteristics  are  further  presented  in  Figure  48,  which  plots  plastic¬ 
ity  index  (PI)  versus  depth.  Figure  48  is  overlaid  with  classification  and 
correlated  drained  strengths,  which  indicate  their  range  and  variability. 


Fines  Content,  % ,  from  all  Borings 


Figure  47.  Relation  of  general  soil  stratigraphy  to  fines  content. 
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Figure  48.  General  clay  properties  for  all  borings. 


Strength  assignment  methodology 

The  approach  for  developing  strengths  for  use  in  the  stability  analyses  was 
based  on  site-specific  field  and  laboratory  data  and  applicable  published 
state-of-practice  correlations.  Strengths  were  developed  for  use  in  undr¬ 
ained  analyses  (short-term  loading)  and  drained  analyses  (long-term 
loading). 

Cohesionless  soils 

The  field  measurement  of  SPT  N-values  for  the  cohesionless  materials 
(sands  and  silts)  was  the  basis  for  assigning  undrained  shear  strength  as  a 
friction  angle  (tp).  The  friction  angle  was  assigned  based  on  the  correlation 
presented  in  Table  5.  This  table  was  derived  from  Bowles  (1977)  and  modi¬ 
fied  to  allow  more  refined  interpolation  of  friction  angles. 

Cohesive  soils 

Laboratory  shear  tests  provided  the  basis  for  developing  undrained  stren¬ 
gths,  Su,  for  the  clay  (cohesive)  materials.  The  laboratory  shear  tests  are 
documented  in  Rock  Engineering  and  Testing  Laboratory  (2008).  The 
drained  strengths,  effective  cohesion  (c’)  and  effective  friction  angle  (qf) 
were  developed  from  correlations  to  plasticity  index  (PI)  data.  The  corre¬ 
lation  between  effective  cohesion  (c’)  and  PI  for  normally  consolidated 
soils  (Galveston  District  1963),  and  the  correlation  between  effective 
friction  angle  (qf)  and  PI  for  normally  consolidated  soils  (Galveston 
District  1963)  are  shown  in  Figures  49  and  50,  respectively. 
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Figure  49.  Correlation  between  effective  cohesion  (c’)  and  PI  for  normally  consolidated  soils 

(Department  of  the  Army,  1962). 
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Figure  50.  Correlation  between  effective  cohesion  (q>’)  and  Pi  for  normally  consolidated  soils 

(Department  of  the  Army  1962). 
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A  statistical  analysis  of  SPT  and  PI  correlation  data  was  conducted  to  assist 
in  assigning  strength  properties  to  cross  sections  developed  for  the  stability 
analyses.  These  are  shown  in  Tables  8  through  10.  Table  8  is  a  summary  of 
PI  for  Clays  and  correlated  strength  values  for  borings  B-i  through  B-8.  This 
data  is  sorted  into  Barrier  Island  clays  and  two  depth  zones  for  the  clays  in 
the  Beaumont  Formation.  Table  9  summarizes  (Ni)6o  and  correlated 
strength  values  for  Borings  B-i  through  B-8.  This  data  is  sorted  into  Barrier 
Island  sands  and  sands  in  the  Beaumont  Formation.  Table  10  is  a  summary 
of  PI  for  Clays  and  (Ni)6o  for  Sands  and  correlated  strength  values  sorted 
into  CL  and  CH  clays,  all  clays,  and  all  sands. 


Table  8.  Summary  of  PI  and  correlated  drained  strength  values  of  clays  for  borings  B-l 

through  B-8. 


Borings 

B-l 

B-2 

B-3 

B-4 

B-5 

B-6 

B-7 

B-8 

ALL 

Barrier  Island  Clays  (0  -  65  ft) 

Number  of  Samples 

1 

1 

0 

0 

0 

1 

1 

0 

4 

Mean  (PI) 

44.0 

52.0 

na 

na 

na 

18.0 

38.0 

na 

38.0 

Standard  deviation 

na 

na 

na 

na 

na 

na 

na 

na 

14.5 

Correlated  Strengths 

Friction  angle 

21 

20 

na 

na 

na 

28 

22 

na 

22 

Cohesion  (psf) 

132 

156 

na 

na 

na 

54 

114 

na 

114 

Beaumont  Clays  (65  - 140  ft) 

Number  of  Samples 

8 

2 

2 

8 

4 

2 

6 

1 

33 

Mean  (PI) 

39.8 

41.0 

38.5 

46.0 

43.8 

41.0 

38.8 

51.0 

42.0 

Standard  deviation 

11.6 

11.3 

6.4 

15.5 

24.1 

4.2 

11.7 

na 

13.2 

Correlated  Strengths 

Friction  angle 

22 

22 

22 

21 

21 

22 

22 

20 

21 

Cohesion  (psf) 

119 

123 

116 

138 

131 

123 

116 

153 

126 

Beaumont  Clays  (>  140  ft) 

Number  of  Samples 

6 

2 

4 

5 

5 

1 

3 

2 

28 

Mean  (PI) 

48.2 

51.5 

37.0 

50.6 

43.4 

37.0 

38.7 

31.0 

41.6 

Standard  deviation 

9.0 

2.1 

9.4 

3.3 

6.8 

na 

19.1 

28.3 

11.3 

Correlated  Strengths 

Friction  angle 

20 

20 

22 

20 

21 

22 

22 

24 

22 

Cohesion  (psf) 

145 

155 

111 

152 

130 

111 

116 

93 

125 
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Table  9.  Summary  of  (Ni)6o  and  correlated  strength  values  of  sands  for  borings 

B-l  through  B-8. 


Borings 

B-l 

B-2 

B-3 

B-4 

B-5 

B-6 

B-7 

B-8 

ALL 

Barrier  Island  Sands  (0  -  65  ft) 

Number  of  samples 

5 

6 

6 

7 

5 

4 

5 

6 

44 

Median  (Ni)eo 

28.5 

30.8 

29.8 

27.3 

22.1 

27.8 

22.8 

28.3 

27.8 

Standard  deviation 

na 

na 

na 

na 

na 

na 

na 

na 

13.2 

Correlated  strengths 

Friction  angle 

37 

39 

38 

37 

35 

37 

35 

37 

37 

Beaumont  Formation  Sands  (>  65  ft) 

Number  of  Samples 

6 

4 

5 

5 

2 

4 

5 

4 

35 

Median  (Ni)eo 

18.5 

16.6 

20.9 

14.8 

23.3 

22.3 

12.2 

18.7 

18.9 

Standard  deviation 

na 

na 

na 

na 

na 

na 

na 

na 

7.4 

Correlated  Strengths 

Friction  angle 

34 

33 

34 

33 

35 

35 

32 

34 

34 

Table  10.  Summary  of  (Nl)60  for  sands  and  PI  for  clays  and  correlated  strength  values. 


Plasticity  Index  and  Strength  Values  for  all  Clay 

(Ni)6o  and  Strength  Values  for  all  Sands 

Number  of  Samples 

65 

Number  of  Samples 

79 

Mean  (PI) 

41.6 

Median  (Ni)eo 

22.1 

Standard  deviation 

12.3 

Standard  deviation 

12.2 

Correlated  Strengths 

Correlated  Strengths 

Friction  angle 

21 

Friction  angle 

35 

Cohesion  (psf) 

125 

Plasticity  Index  and  Strength  Values  for  all  CL 

Clays 

Plasticity  Index  and  Strength  Values  for  all  CH 

Clays 

Number  of  Samples 

17 

Number  of  Samples 

48 

Mean  (PI) 

25.4 

Mean  (PI) 

47.3 

Standard  deviation 

6.5 

Standard  deviation 

8.1 

Correlated  Strengths 

Correlated  Strengths 

Friction  angle 

26 

Friction  angle  (deg) 

20 

Cohesion  (psf) 

76 

Cohesion  (psf) 

142 
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Stability  analyses 

Limit  equilibrium  slope  stability  analyses  were  performed  to  calculate 
factors  of  safety  against  sliding.  The  factor  of  safety  represents  the  ratio  of 
mobilized  shear  stress  to  available  shear  stress  (strength)  along  an  assumed 
failure  surface  (Bishop  1955).  These  analyses  required  developing  cross 
sections  (geometry),  assigning  soil  strengths  to  each  layer  in  the  cross 
section,  applying  water  loads,  and  performing  stability  computations  to 
determine  the  failure  surface  that  has  the  minimum  factor  of  safety  for  each 
cross  section.  The  surface  associated  with  the  minimum  factor  of  safety  is 
called  the  critical  failure  surface  and  the  minimum  factor  of  safety  is  called 
the  critical  factor  of  safety.  The  critical  failure  surface  and  its  factor  of  safety 
are  determined  using  systematic  search  routines  provided  in  the  slope 
stability  software  that  analyzes  many  different  potential  failure  surfaces. 
Both  drained  and  undrained  analyses  were  performed  to  determine  if  either 
short-  or  long-term  loading  condition  was  the  most  critical  for  slope  stabil¬ 
ity  of  the  channel  walls.  Additionally,  stability  analyses  were  performed  for 
each  cross  section  at  various  depths  in  an  effort  to  estimate  the  effects  of 
channel  erosion. 

Cross  sections  for  deterministic  analysis 

Site-specific  cross  sections  were  developed  for  each  of  the  eight  boring 
locations.  The  geotechnical  cross  sections  were  based  on  the  geologic  cross 
sections,  as  shown  in  Figures  3 7  and  42,  and  further  refined  using  labor¬ 
atory  data.  The  summary  tables  of  properties  for  each  cross  section  are 
provided  in  Appendix  C.  After  analysis  of  these  site-specific  cross  sections, 
three  critical  profiles  were  selected  for  further  analysis.  These  three  critical 
cross  sections  were  simplified  to  facilitate  a  probabilistic  analysis. 

Geometry 

Two-dimensional  cross  sections  or  models  were  developed  to  represent 
existing  geometric  conditions.  The  geometry  of  these  models  included  soil 
stratigraphy,  channel  slope,  flowable  rip-rap  armoring  the  channel  slopes, 
and  water  loads  (water  table  and  channel  water  level). 

Material  properties 

The  stability  analyses  require  material  density  and  shear  strength  para¬ 
meters  (friction  angle  and  cohesion  values)  for  each  soil  layer,  for  both 
drained  and  undrained  conditions.  The  undrained  shear  strength  for  clay 
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materials  was  assigned  using  a  linear  Mohr-Coulomb  strength  envelope. 
The  friction  angle  for  sands  was  determined  using  correlations  between 
(Ni)6o  values  and  friction  angles  (Table  5). 

Clays  were  assigned  both  a  friction  angle  and  cohesion  for  drained  analyses. 
The  friction  angle  was  determined  using  a  correlation  between  friction  angle 
and  PI,  and  the  cohesion  value  was  determined  using  a  correlation  between 
cohesion  and  PI  (Galveston  District  1963).  The  correlations  are  derived 
from  the  engineering  properties  of  fine-grained  alluvial  deposits  of  the 
Mississippi  Valley  test  results  from  normally  consolidated  soils. 

Consolidation  tests  on  the  Beaumont  Clay  indicated  that  these  clays  were 
slightly  over-consolidated  with  an  OCR  ranging  from  1.2  and  1.8  for  150  ft 
and  80  ft  depths,  respectively.  The  soil  profiles  (see  Figures  37  and  38) 
indicate  that  some  clay  lenses  were  found  in  the  barrier  island  sands  at 
approximately  40  ft.  These  clay  lenses,  if  encountered,  were  often  thin 
(less  than  5  ft).  Other  clay  layers  that  may  affect  the  stability  analyses  are 
located  below  70  ft.  The  impact  of  using  the  correlations  for  normally 
consolidated  clays  when  the  lay  is  actually  slightly  over-consolidated  will 
produce  friction  angle  and  cohesion  values  that  are  conservative.  There¬ 
fore,  the  strength  values  used  in  the  drained  analyses  could  be  lower  than 
what  exists  in  the  field. 

Slope  stability  calculations 

Slope  stability  analyses  were  conducted  using  the  UTexas4  version  4. 1.0.4 
(10/05/2008)  computer  program  (Wright  1999a)  and  a  graphics  post 
processor  TexGraf  Version  4. 1.0. 4  (Wright  1999b).  The  procedure  involves 
calculating  the  factor  of  safety  against  the  sliding  of  a  soil  mass  above  a 
given  trial  failure  surface.  Circular  failure  surfaces  were  employed  to  facili¬ 
tate  this  search.  A  non-circular  failure  surface  was  also  checked  to  insure 
the  adequacy  of  the  circular  failure  surface  to  accurately  represent  the 
critical  failure  geometry.  A  systematic  search  procedure  was  employed  to 
find  the  critical  failure  surface.  A  critical  failure  surface  is  the  lowest  factor 
of  safety  for  an  engineering  significant  failure,  in  this  case  a  failure  mass 
that  begins  at  the  top  of  the  slope  and  exits  near  the  toe.  An  example  slope 
stability  analysis  is  presented  in  Figure  51.  This  figure  shows  a  typical 
cross  section  or  model  properties  (soil  layers  and  channel  geometry),  the 
table  of  soil  properties,  and  the  water  loads  included  in  the  analyses.  The 
critical  failure  surface  is  plotted  in  bold  red  and  shows  that  the  critical 
factor  of  safety  is  1.039.  In  addition  to  the  critical  failure  surface, 
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numerous  other  trial  failure  circles  generated  during  the  thorough  search 
procedure  were  analyzed.  This  thorough  evaluation  was  used  to  ensure 
that  the  critical  failure  surface  agreed  with  overall  slope  behavior  and 
provided  insight  into  the  sensitivity  of  results  with  respect  to  the  factor  of 
safety  and  failure  geometry. 

Description  and  comparison  of  analyses 

The  analyses  were  conducted  for  total  stress  (undrained)  and  effective 
stress  (drained)  representing  short-term  and  long-term  conditions, 
respectively. 

Total  stress  analysis 

The  total  stress  analysis  is  based  on  short-term  or  undrained  conditions. 
The  UU  laboratory  test  was  used  to  determine  the  undrained  properties  as 
discussed  in  the  “Strength  assignment  methodology”  section.  Pore  press¬ 
ures  are  not  allowed  to  dissipate  during  the  rapid  shearing  of  the  sample 
during  the  UU  test,  which  is  indicative  of  short-term  field  loading  condi¬ 
tions.  The  factor  of  safety  for  the  current  channel  depth  ranges  from 
0.971  to  1.778  (Table  11  and  Figure  52)  and  reduces  in  range  to  0.867 
through  1.583  for  the  150  ft  depths.  The  factor  of  safety  for  B-3  and  B-4 
does  not  change  with  depth,  indicating  that  upper  strata  soil  strengths 
control  stability  or  that  the  cross-section  geometry  is  unrealistic.  In 
general,  the  factor  of  safety  decreases  with  channel  depth  for  each  cross 
section  as  would  be  expected.  The  cross  sections  with  their  critical  failure 
surfaces  are  presented  in  the  “Undrained  analyses”  section  in  Appendix  D. 

Effective  stress  analysis 

The  effective  stress  analysis  is  based  on  long-term  or  drained  conditions. 
The  clay  strengths  were  derived  from  PI  based  correlations  as  discussed  in 
the  “Strength  assignment  methodology”  section.  The  factor  of  safety  for 
the  drained  set  of  analyses  ranges  from  0.956  to  1.283  for  the  current 
channel  depth,  Table  12  and  Figure  53,  and  reduces  in  range  from  0.877  to 
1.233  for  the  150  ft  depth.  Only  the  cross  section  for  boring  B-4  had  a 
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Figure  51.  Example  slope  stability  analysis. 


constant  factor  of  safety  with  depth.  In  general,  the  factor  of  safety  decr¬ 
eases  with  increasing  channel  depth  for  each  cross  section  as  would  be 
expected.  The  cross  sections  with  their  critical  failure  surface  are  presen¬ 
ted  in  the  “Drained  analyses”  section  of  Appendix  D. 

Critical  sections 

The  undrained  and  drained  analyses  were  compared  to  evaluate  their 
criticality  and  determine  which  type  of  analysis  should  be  used  for  a  more 
detailed  analysis.  In  general,  the  drained  analyses  tend  to  be  more  consis¬ 
tent  with  depth  and  group  at  a  lower  factor  of  safety.  The  lower  factor  of 
safety  from  these  analyses  appears  to  best  represent  the  overall  stability  of 
the  channel  and  is  consistent  with  the  instabilities  that  have  occurred  in 
the  past,  shown  in  Figure  54.  Additionally,  the  borings  that  show  a  low 
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factor  of  safety  correlate  well  with  field  evidence  of  past  failures.  A  comp¬ 
arison  of  the  drained  versus  undrained  factor  of  safety  are  presented  in 
Table  13.  The  data  in  this  table  are  from  Tables  11  and  12.  These  results 
show  that  for  each  cross  section,  the  factors  of  safety  for  the  drained  condi¬ 
tion  are  lower  than  the  undrained  condition.  Hence,  the  drained  condition 
is  deemed  the  most  critical  and  the  remaining  analyses  will  be  based  on 
drained  conditions. 

All  cross  sections  were  evaluated  and  boring  B-4  did  not  appear  to  have  a 
realistic  representation  of  the  upper  portion  of  the  cross  section.  The 
bathymetric  survey  near  boring  B-4  (Figure  39)  indicated  that  the  slope 
was  69  deg  between  the  surface  and  a  depth  of  40  ft.  An  angle  this  high  is 
unrealistic  for  the  barrier  island  sands,  which  tend  to  have  an  angle  of 
repose  in  the  range  of  28-38  deg.  Therefore,  the  bathymetric  data  are 
considered  inaccurate  in  this  area  and  cross-section  B-4  was  not  consid¬ 
ered  to  represent  actual  geometry. 

Three  cross  sections  of  the  ship  channel  were  selected  from  the  remaining 
seven  cross  sections  to  represent  the  range  of  factors  of  safety  from  low  to 
high,  two  with  the  low  factor  of  safety  and  one  with  a  high  factor  of  safety, 
Table  13.  Cross  sections  for  borings  B-3  and  B-7  were  determined  to  have 
the  lowest  factor  of  safety  and  considered  the  most  critical.  The  cross 
section  associated  with  boring  B-i  had  the  lowest  channel  depth  and 
highest  factor  of  safety  with  depth.  Based  on  the  above  criterion,  cross- 
sections  B  1,  B  3,  and  B  7  were  selected  for  probabilistic  analysis  and  are 
shown  in  Figures  55,  56,  and  57,  respectively. 


Table  11.  Summary  of  factor  of  safety  values  for  depths  analyzed  using  undrained  properties. 


Factor  of  Safety 

Boring  Depth  (ft) 

B-l 

B-2 

B-3 

B-4 

B-5 

B-6 

B-7 

B-8 

Existing 

1.778 

1.690 

1.265 

0.971 

1.413 

1.499 

1.469 

1.625 

(depth) 

(100) 

(85) 

(86) 

(66) 

(69) 

(65) 

(72) 

(73) 

130 

1.617 

1.424 

1.265 

0.971 

1.376 

1.283 

1.042 

1.347 

150 

1.583 

1.363 

1.265 

0.867 

1.318 

1.283 

1.042 

1.347 
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Table  12.  Summary  of  factor  of  safety  values  for  depths  analyzed  using  drained  properties. 


Factor  of  Safety 

Boring  Depth,  ft 

B-l 

B-2 

B-3 

B-4 

B-5 

B-6 

B-7 

B-8 

Existing 

1.283 

1.178 

1.039 

0.956 

1.405 

1.272 

1.050 

1.216 

(depth) 

(100) 

(85) 

(86) 

(66) 

(69) 

(65) 

(72) 

(73) 

130 

1.235 

0.993 

0.947 

0.971 

1.157 

1.066 

0.890 

0.998 

150 

1.233 

0.994 

0.927 

0.971 

1.148 

1.066 

0.877 

0.998 
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Figure  53.  Factor  of  safety  versus  depth  for  drained  slope  stability  analyses. 


Figure  54.  Field  evidence  of  past  slope  failures  (annotated  with  while 
circles)  extracted  from  Figure  36. 


ERDC  TR-11-8 


69 


Table  13.  Comparison  of  drained  and  undrained  factors  of  safety  for  each  cross  section. 


Boring 

B-l 

B-2 

B-3 

B-4 

Depth 

(ft) 

Drained 

Undrained 

Drained 

Undrained 

Drained 

Undrained 

Drained 

Undrained 

Current 

(depth) 

1.283 

(100) 

1.778 

(100) 

1.178 

(85) 

1.690 

(85) 

1.039 

(86) 

1.265 

(86) 

0.956 

(66) 

0.971 

(66) 

130 

1.235 

1.617 

0.993 

1.424 

0.947 

1.265 

0.971 

0.971 

150 

1.233 

1.583 

0.994 

1.363 

0.927 

1.265 

0.971 

0.867 

Boring 

B-5 

B-6 

B-7 

B-8 

Depth 

(ft) 

Drained 

Undrained 

Drained 

Undrained 

Drained 

Undrained 

Drained 

Undrained 

Current 

(depth) 

1.405 

(69) 

1.413 

(69) 

1.272 

(65) 

1.499 

(65) 

1.050 

(72) 

1.469 

(72) 

1.216 

(73) 

1.625 

(73) 

130 

1.157 

1.376 

1.066 

1.283 

0.890 

1.042 

0.998 

1.347 

150 

1.148 

1.318 

1.066 

1.283 

0.877 

1.042 

0.998 

1.347 

Probabilistic  slope  stability  analyses 

Description  of  analysis 

Probabilistic  slope  stability  analyses  were  performed  using  the  critical 
cross  sections  developed  from  borings  B-i,  B-3  and  B-7  to  determine  the 
probability  of  failure  at  these  locations.  The  probabilistic  analysis  is  based 
on  the  idea  of  treating  both  the  strength  and  factor  of  safety  as  random 
variables.  The  probabilities  of  failure  were  estimated  using  an  approximate 
technique  based  on  the  Taylor  Series  Method  and  described  by  Duncan 
and  Wright  (2005)  and  Wolff  (1996).  For  each  of  the  three  sections,  the 
probability  of  failure  was  computed  for  five  different  canal  bottom  depths 
to  determine  the  impact  of  continuing  erosion  (or  deepening  of  the 
channel)  on  the  stability  of  the  side  slopes  of  the  channel.  These  five 
depths  included  the  current  depth  and  depths  deeper  by  5, 10,  25,  and 
50  ft.  Thus,  if  an  erosion  rate  of  1  ft/year  is  assumed  to  continue,  the 
probabilities  of  failure  computed  for  these  levels  would  represent  the 
current  probability  of  failure  and  those  in  5, 10,  25,  and  50  years  from 
now.  The  probability  of  failure  for  these  sections  was  based  on  the  varia¬ 
tion  in  the  long-term  (drained)  shear  strength  parameters. 
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Figure  55.  Critical  failure  surfaces  with  depth  for  cross  section  based  on  boring  B-l  (drained  condition). 
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Figure  56.  Critical  failure  surfaces  with  depth  for  cross  section  based  on  boring  B-3  (drained  condition). 
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Figure  57.  Critical  failure  surfaces  with  depth  for  cross  section  based  on  boring  B-7  (drained  condition). 
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Taylor  Series  Method 

The  Taylor  Series  Method  as  used  for  the  three  sections  developed  from 
borings  B-i,  B-2,  and  B-3  takes  into  account  the  uncertainty  of  the  drained 
shear  strength  parameters  of  the  soils  in  these  cross  sections  to  determine 
the  reliability  of  the  slope.  If  the  shear  strength  parameters  are  treated  as 
random  variables,  then  the  factor  of  safety  will  be  a  random  variable 
assumed  to  have  a  log  normal  probability  distribution  as  shown  in 
Figure  58.  The  total  area  under  the  factor  of  safety  probability  distribution 
curve  will  be  equal  to  one.  The  area  of  the  portion  of  the  curve  where  the 
factor  of  safety  is  less  than  one  is  equal  to  the  probability  of  failure.  These 
probabilities  of  failure  are  conditional  given  the  variation  of  strength. 

The  Taylor  Series  Method  can  account  for  variation  in  any  quantity  used  in 
analyzing  the  stability  of  a  slope.  These  quantities  could  be  the  shear  stren¬ 
gths  of  the  soil,  the  unit  weights,  loads  on  the  slope,  and  piezometric  and 
water  levels  outside  the  slope.  However,  in  the  case  of  the  three  MSC  cross 
sections,  only  the  shear  strength  uncertainties  were  accounted  for  in  each 
layer  in  each  section.  Thus,  the  first  step  in  performing  the  probabilistic 
analysis  of  the  slope  was  to  estimate  the  standard  deviation  of  the  shear 
strength  of  the  soils  in  the  cross  sections. 


Figure  58.  Relationship  of  Bln  to  probability  distribution  (based  on  Duncan  and 

Wright  2005). 
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The  Taylor  Series  numerical  method  was  used  to  estimate  the  standard 
deviation  (of)  and  the  coefficient  of  variation  of  the  factor  of  safety  (COW) 
using  these  formulas: 


oF=. 


(AK) 

2 

fARl 

2 

fAFv) 

2  J 

+ 

2  J 

+  ....+ 

2  J 

(1) 


covF 


F 

1  MLV 


(2) 


where: 

AFn  =  difference  in  values  of  the  factor  of  safety  calculated  with  the 
soil  strength  of  layer  N  increased  by  one  standard  deviation 
and  decreased  by  one  standard  deviation,  and  is  given  by 


where: 

Fmlv  =  the  “most  likely  value”  for  the  factor  of  safety  using  the  most 
likely  values  for  shear  strength  parameters. 

In  calculating  AFn,  separate  stability  analyses  are  performed  to  compute 
F±  and  F~  for  the  nth  layer,  with  the  values  of  all  other  variables  (shear 

strengths)  maintained  at  their  most  likely  values.  The  A F  values  are  inser¬ 
ted  into  Equation  l  to  determine  the  standard  deviation  (of)  of  the  factor 
of  safety.  The  coefficient  of  variation  of  the  factor  of  safety  (COW)  is  then 
determined  using  Equation  2  and  the  Fmlv.  The  probabilistic  distribution 
of  the  factor  of  safety  is  assumed  to  be  log-normal. 

Spreadsheet  calculations  using  EXCEL  and  based  on  Equations  l  and  2 
were  set  up  to  compute  the  of  and  COW.  Once  these  were  determined,  the 
probability  of  failure  was  computed  using  the  NORMSDIST  function  in 
EXCEL  with  (3ljv  where: 


MFMLF/jl  +  COV>) 
^/ln(l  +  COVF 


(3) 
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Once  (3lw  is  computed,  the  probability  of  failure  can  be  determined  in  the 
spreadsheet  from  Equation  4: 

p(f)  =  (l-NORMSDIST(Puv))  (4) 

Cross-section  development  for  probabilistic  analyses 

The  selected  critical  cross  sections  used  for  the  deterministic  analyses  were 
further  refined  by  combining  adjoining  similar  sand  and  clay  layers  and 
averaging  their  respective  properties  to  simplify  the  probabilistic  analysis. 
Cross-sections  B-i,  B-3  and  B-7  consist  of  11,  6  and  8  soil  layers,  respect¬ 
ively.  As  a  result  of  this  refinement,  the  factors  of  safety  cited  in  the  deter¬ 
ministic  analyses  differ  slightly  from  the  Fmlv  values  cited  in  the  Probab¬ 
ilistic  analyses.  Tables  C.i,  C.3,  and  C.7  show  the  most  likely  values  for  the 
drained  shear  strength  parameters  of  each  layer.  The  coefficients  of  varia¬ 
tion  were  selected  depending  on  the  type  of  material  representing  a  parti¬ 
cular  layer.  If  the  layer  was  cohesionless  sand,  the  coefficient  of  variation 
was  selected  to  be  5  percent  for  the  properties  based  on  SPT  blow  counts. 

If  the  layer  was  clay,  the  coefficient  of  variation  was  chosen  to  be 
30  percent.  A  higher  coefficient  of  variation  was  assigned  to  the  clay  layers 
because  the  drained  shear  strength  parameters  were  determined  from 
correlations  with  the  PI,  which  have  a  greater  degree  of  uncertainty 
(Galveston  District  1963).  The  refined  cross-sections,  B-i,  B-3,  and  B-7,  for 
the  probabilistic  analyses  are  tabulated  in  Appendix  C,  Tables  C.i,  C.3,  and 
C.7,  and  are  shown  in  Appendix  E,  Figures  E.i,  E.3,  and  E.5,  respectively. 

Results  of  probabilistic  analysis  for  cross-section  B-l 

Probabilistic  analyses  were  performed  for  five  channel  depths  representing 
different  levels  of  erosion  (see  Appendix  E,  Figures  E.i  and  E.3).  The 
depths  of  the  channel  bottoms  for  these  analyses  were  too  ft  (current 
depth),  105  ft,  110  ft,  125  ft,  and  150  ft.  Table  14  summarizes  results  from 
the  calculations  that  make  use  of  Equations  1  though  4  to  arrive  at  the 
probability  of  failure  for  each  of  these  five  depth  levels.  The  results  in 
terms  of  the  probability  of  failure  versus  depth  are  presented  in  Figure  59. 
Table  14  also  includes  the  values  for  Fmlv  for  each  depth  level. 

Results  of  probabilistic  analysis  for  cross-section  B-3 

Probabilistic  analyses  were  performed  for  channel  canal  depths  repre¬ 
senting  different  levels  of  erosion  (see  Appendix  E,  Figures  E.3  and  E.4). 
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The  depths  of  the  channel  bottoms  for  these  analyses  were  86  ft  (current 
depth),  91  ft,  96  ft,  111  ft,  and  136  ft.  A  depth  of  150  ft  was  added  to  the 
analysis  so  boring  B-3  would  extend  to  the  maximum  eroded  depth  of 
boring  B-i.  Table  15  summarizes  results  from  the  calculations  that  make 
use  of  Equations  1  though  4  to  arrive  at  the  probability  of  failure  for  each 
of  the  six  depth  levels.  The  results  in  terms  of  the  probability  of  failure 
versus  depth  are  presented  in  Figure  60.  Table  15  also  includes  the  values 
for  Fmlv  for  each  depth  level. 


Table  14.  Probability  of  failure  versus  depth  of  shipping  channel  for  B-l. 


Case 

Depth  (ft) 

Fmlv 

Probability  of  Failure 

(%) 

Bl-100 

100 

1.327 

0.07 

Bl-105 

105 

1.328 

0.12 

Bl-110 

110 

1.329 

0.11 

Bl-125 

125 

1.324 

0.26 

Bl-150 

150 

1.321 

0.28 

0  0.2  0.4  0.6  0.8  1 

Probability  of  Failure,  Pf,  % 


Figure  59.  Probability  of  failure  versus  depth  for  B-l  cross  section 
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Table  15.  Probability  of  failure  versus  depth  of  shipping  channel  for  B-3. 


Case 

Depth  (ft) 

Fmlv 

Probability  of  Failure 

(%) 

B3-86 

86 

1.044 

33 

B3-91 

91 

0.993 

55 

B3-96 

96 

0.975 

62 

B3-111 

111 

0.957 

72 

B3-136 

136 

0.941 

82 

B3-150 

150 

0.928 

87 

Figure  60.  Probability  of  failure  versus  depth  for  B-3  cross  section. 


Results  of  probabilistic  analysis  for  cross-section  B-7 

Probabilistic  analyses  were  performed  for  five  channel  depths  representing 
different  levels  of  erosion  (see  Appendix  E,  Figures  E.5  and  E.6).  The 
depths  of  the  channel  bottoms  for  these  analyses  were  72  ft  (current 
depth),  77  ft,  82  ft,  97  ft,  and  122  ft.  A  depth  of  150  ft  was  added  to  the 
analysis  so  boring  B-7  would  extend  to  the  maximum  eroded  depth  of 
boring  B-i.  Table  16  summarizes  results  from  the  calculations  that  make 
use  of  Equations  1  though  4  to  arrive  at  the  probability  of  failure  for  each 
of  the  six  depth  levels.  The  results  in  terms  of  the  probability  of  failure 
versus  depth  are  presented  in  Figure  61.  Table  16  also  includes  the  values 
for  Fmlv  for  each  depth  level. 
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Table  16.  Probability  of  failure  versus  depth  of  shipping  channel  for  B-7. 


Case 

Depth  (ft) 

Fmlv 

Probability  of  Failure  (%) 

B7-72 

72 

1.012 

42 

B7-77 

77 

1.017 

40 

B7-82 

82 

1.016 

41 

B7-97 

97 

0.931 

78 

B7-122 

122 

0.897 

92 

B7-150 

150 

0.877 

93 

Figure  61.  Probability  of  failure  versus  depth  for  B-7  cross  section. 


Failure  mode  assessments 

Failure  wedge  mass  characterization 

All  analyses  were  examined  to  determine  the  range  of  possible  failure 
wedge  masses  that  could  flow  into  the  ship  channel  as  the  result  of  slope 
instability.  These  masses  were  characterized  into  typical  volumes  that 
might  be  expected  from  ridge  body  block  slides  at  70,  75,  too,  125  and 
150  ft  channel  depths.  It  was  assumed  that  the  failure  mass,  as  shown  by 
the  dashed  line  in  Figure  62,  would  move  down  and  rotate  outward  into 
the  channel.  The  amount  of  side  block  that  protruded  into  the  channel  was 
characterized  as  a  parallelogram  having  approximately  the  same  volume  as 
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the  protruding  block.  The  amount  of  movement  was  estimate  by  assuming 
that  movement  would  not  occur  after  the  downward  motion  of  the  block’s 
center  of  gravity  stopped.  Field  observations  suggest  that  the  width  of  the 
failure  mass  would  be  about  four  times  the  depth  into  the  slope  of  the 
scarp  (D).  Table  17  details  the  volume  of  material  that  would  protrude  into 
the  channel  for  associated  channel  depths  if  all  sections  are  assumed  to  be 
the  same. 


D 


H  =  1/3  of  channel  depth 
Protruding  Block  area  =  H*H 
Protruding  Block  volume  =  ITIT4D 


Figure  62.  Failure  mass  characterization. 


Table  17.  Characterization  of  failure  mass  dimensions  and  associated  volume. 


Channel  Depth, 

(ft) 

H  (ft) 

D  (ft) 

W(ft) 

Protruding  Block  Volume, 
(yd3) 

70 

22 

10 

40 

720 

75 

25 

12 

48 

1,110 

100 

35 

15 

60 

2,720 

125 

42 

17 

68 

4,440 

150 

50 

20 

80 

7,400 
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Wake  and  drawdown  effects  as  cause  for  slope  instabilities 

The  effect  of  a  rapid  change  in  water  depth  caused  by  boat  passage  was 
analyzed  as  a  critical  gradient  piping-type  failure.  Given  a  soil  with  a 
buoyant  unit  weight  of  60  lb/ft3,  the  thickness  of  soil  that  would  uplift 
(pluck)  would  be  equal  to  the  change  in  water  depth  caused  by  the  ship 
passage.  Any  area  of  influence  will  be  localized  and,  in  light  of  a  critical 
gradient  analysis,  near-toe  scouring  effects  should  not  present  a  significant 
risk  factor  for  slope  failure  initiation. 

Further,  to  simulate  the  effect  of  a  rapid  change  in  water  depth  caused  by 
boat  passage,  an  analysis  was  performed  where  the  channel  water  level 
was  lowered  by  2  ft.  This  change  in  water  level  was  considered  to  happen 
in  a  short  time  period  (minutes),  therefore,  an  undrained  analysis  was 
used.  The  cross  section  used  for  this  analysis  was  the  same  as  those  used  in 
the  undrained  deterministic  analyses.  The  analyses  show  that  this  change 
in  water  level  affected  the  factor  of  safety  by  approximately  0.06,  which  is 
considered  to  be  insignificant  (Table  18). 


Table  18.  Undrained  factor  of  safety  versus  drop  in  channel 
water  level. 


Boring 

Existing  Water 

Level 

Drop  in  Water  Level  by  2  ft 

B-l 

1.778 

1.734 

B-3 

1.265 

1.222 

B-7 

1.469 

0.428 

Summary  of  results 

The  probabilities  of  failure  for  boring  B-i  increase  with  depth,  are  low,  and 
range  from  0.07  percent  at  too  ft  (existing  depth)  to  0.28  percent  at  the 
15  o-ft  depth. 

The  probabilities  of  failure  for  borings  B-3  and  B-7  increase  with  depth 
and  are  high.  The  probability  of  failure  for  boring  B-3  ranges  from 
33  percent  at  86  ft  (current  depth)  to  87  percent  at  the  150  ft  depth.  The 
probability  of  failure  for  boring  B-7  ranges  from  42  percent  at  72  ft 
(current  depth)  to  93  percent  at  the  150-ft  depth. 
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The  high  probabilities  of  failure  for  B-3  and  B-7  are  consistent  with  field 
observations  that  provide  evidence  of  past  instabilities  in  the  slopes  of  the 
shipping  channel.  The  aerial  photographs  show  locations  where  instab¬ 
ilities  have  occurred  (Figure  54).  The  slope  stability  analyses  indicate  that 
the  volume  of  the  critical  failure  circles  is  comparable  to  field  observations 
and  bathymetric  data  that  indicate  past  instabilities  in  the  MSC  entrance. 

The  analyses  show  that  if  the  factor  of  safety  is  much  greater  than  one 
(e.g.,  Fmlv for  B-i  =  1.33),  the  probability  of  failure  is  less  than  1.0  percent. 
Conversely,  if  the  factor  of  safety  is  near  one  (e.g.,  Fmlv  for  B-3  =  1.04) 
then  the  probability  of  failure  is  much  higher,  ranging  from  33  to 
93  percent.  The  fact  that  the  probability  of  failure  increases  with  depth,  as 
shown  in  Figure  63,  is  an  indicator  that  slides  may  possibly  show  up  more 
frequently  as  the  scour  in  the  MSC  entrance  progresses. 


Figure  63.  Summary  of  probability  of  failure  versus  depth  for  borings  B-l,  B-3  and  B-7. 
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Effect  of  slope  failures  on  navigation 

The  existing  channel  has  a  bulge  on  the  south  bankline,  as  shown  in 
Figures  32  and  33.  It  is  not  known  whether  this  bulge  is  a  past  slope  failure 
or  failures  or  whether  it  is  an  erosion  resistant  material.  The  volume  of  the 
existing  bulge  is  about  150  ft  (alongshore)  x  100  ft  (out  from  bank)  x  30  ft 
(height)/27  =  16,670  yd3.  Based  on  both  velocity  patterns  from  CMS  and 
the  absence  of  comments  from  the  pilots  about  adverse  currents,  this 
bulge  does  not  cause  adverse  currents.  The  slope  failures  shown  in 
Table  17  are  all  less  than  half  the  volume  of  the  existing  bulge  and  should 
not  cause  adverse  currents.  In  addition,  none  of  the  calculated  heights  of 
the  failed  slope  material,  when  subtracted  from  the  depth,  result  in 
channel  depths  that  are  close  to  the  draft  of  the  ships. 

Another  concern  about  slope  failures  is  the  potential  for  the  channel  to 
rapidly  scour  the  bankline  after  a  slope  failure  leaves  the  bank  uprotected. 
The  best  information  about  this  potential  problem  is  the  existing  channel. 
Past  slope  failures  and  loss  of  riprap  on  the  upper  bank  because  of  channel 
bottom  scour  have  left  the  upper  bank  exposed  to  high  currents.  While 
some  bank  recession  has  occurred,  the  bankline  has  not  receded  rapidly, 
and  the  stability  of  the  bottleneck  is  not  threatened.  Should  a  slope  failure 
occur  at  the  ends  of  the  bottleneck  protection,  unraveling  from  the  end  will 
likely  occur  but  should  not  lead  to  rapid  loss  of  the  bottleneck. 
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4  Operational  Risk  to  Navigation-Adverse 
Currents 

Purpose  and  Approach 

The  purpose  of  the  material  described  in  this  chapter  is  to  determine  the 
operational  risks  to  navigation  because  of  the  adverse  currents  that  are 
frequently  present  in  the  MSC  Entrance.  The  approach  in  this  chapter 
starts  with  a  description  of  navigation  conditions  in  the  existing  MSC 
Entrance.  Next,  previous  studies  are  examined  concerning  the  likelihood 
of  a  powered  grounding  in  the  MSC  Entrance.  This  chapter  then  charac¬ 
terizes  the  fleet  using  the  MSC  and  the  environmental  conditions  present 
at  the  MSC.  Expert  elicitation  of  the  pilots  is  then  used  to  determine  the 
relative  likelihood  of  a  powered  grounding  in  the  MSC  for  the  various 
traffic  and  environmental  conditions.  Next,  a  ship  event  model  (SEM)  is 
developed  to  combine  traffic  distributions  and  environmental  distrib¬ 
utions  to  evaluate  relative  likelihood  of  grounding  in  the  existing  channel 
and  for  3  risk  reduction  alternatives.  Ship  simulation  is  used  to  evaluate 
the  effects  of  removal  of  the  bottleneck.  Finally,  an  evaluation  is  made  of 
the  bathymetric  change  near  Sundown  Island  and  the  effects  of  Sundown 
Island  on  navigation. 

Navigation  in  the  Existing  Channel 

Navigation  along  the  existing  channel  can  be  shut  down  because  environ¬ 
mental  (meteorological  or  oceanographic)  conditions  are  too  hazardous 
for  deep-draft  navigation.  These  environmental  conditions  are  fog,  strong 
longitudinal  current  in  the  bottleneck,  and  strong  cross  current  at  the  jetty 
entrance.  This  type  of  disruption  occasionally  happens  now  and  is  only 
temporary  until  the  adverse  environmental  conditions  subside.  Pilot  Larry 
Robinson  stated  in  January  2008:  “We  are  currently  experiencing  the 
strongest  currents  on  the  Gulf  Coast  through  the  Matagorda  Ship  Channel 
Jetties.  The  reason  for  the  extreme  currents  is  due  to  the  shape  of  our 
jetties,  wide  at  the  approach  and  narrowing  to  a  small  bottleneck.  This 
configuration  produces  a  normal  current  of  about  3  knots  with  6  to  7  knots 
not  being  uncommon  and  extreme  currents  in  the  winter  of  up  to  10  knots. 
Due  to  these  strong  currents  we  have  had  to  occasionally  hold  ships  out¬ 
side  until  the  current  subsides.” 
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Another  risk  factor  in  the  existing  channel  is  a  grounding.  A  grounding 
could  be  a  powered  grounding  due  to  adverse  environmental  conditions  or 
a  drift  grounding  due  to  loss  of  propulsion  or  steerage.  Groundings  present 
a  range  of  consequences  from  virtually  no  effect  if  the  grounding  is  minor 
in  a  soft  bottom  or  soft  side  slope  portion  of  the  channel  to  the  extreme 
case  of  a  grounding  resulting  in  sinkage,  blockage  of  the  channel,  and/or 
loss  of  life  or  release  of  hazardous  material  into  the  bay  and  gulf. 

Collision  with  other  ships  is  not  addressed  herein  because  the  study  reach 
is  one-way  traffic  and  is  south  of  the  congestion  present  in  the  reach  at  and 
north  of  the  GIWW.  Other  risk  factors  such  as  fire,  explosion,  or  hull 
failure  are  not  addressed  in  this  study. 

The  existing  navigation  channel  entrance  at  the  MSC  is  subject  to  adverse 
currents  at  several  locations  along  the  entrance.  The  adverse  currents  are 
present  in  three  areas  as  follows: 

a.  Cross  Current  at  Jetties.  One  of  the  existing  risks  to  navigation  at 
the  MSC  is  the  cross  current  at  the  gulf  entrance  to  the  jetties.  Wind 
at  the  MSC  is  primarily  from  the  southeast  and  generates  a  cross 
current  directed  toward  the  southwest  at  the  gulf  entrance  to  the 
jetties.  A  cross  current  at  the  gulf  entrance  is  only  a  significant 
problem  for  inbound  ships.  Once  the  bow  of  the  inbound  ship  is 
inside  the  jetties,  cross  currents  (either  toward  the  southwest  or 
toward  the  northeast)  on  the  stern  region  of  the  ship  start  rotating 
the  ship.  In  the  case  of  a  cross  current  toward  the  southwest,  the 
ship  is  rotated  clockwise.  In  anticipation  of  this  rotation,  the  pilot 
applies  a  significant  amount  of  port  rudder.  For  a  strong  cross 
current,  the  ship  will  have  a  significant  starboard  drift  angle  even 
after  it  is  completely  inside  the  jetties.  The  pilot  must  realign  the 
ship  with  the  channel  before  reaching  the  bottleneck.  The  pilots 
have  stated  that  when  they  begin  their  approach,  they  try  to  main¬ 
tain  a  maximum  of  12  deg  of  drift  angle,  which  is  the  angle  between 
the  ship  axis  and  the  channel  axis.  If  they  are  unable  to  maintain 
this  angle  or  less,  they  abort  the  entry  and  turn  around  and  either 
try  again  with  sea  speed  (the  maximum  power  of  the  ship)  or  wait 
for  the  current  to  subside. 

Figure  64  displays  bathymetry  data  from  January  2008  that  shows 
variability  in  depth  across  the  MSC  entrance.  Near  the  gulf  end  of 
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the  southwest  jetty,  depth  is  great  and  decreases  across  the  inlet 
toward  the  northeast  jetty.  About  halfway  along  the  jetty,  the  trend 
in  depth  reverses.  Greater  depths  are  found  near  the  northeast  jetty 
and  smaller  depths  near  the  southwest  jetty.  The  trend  in  depth  is 
similar  to  a  meander  and  must  be  indicative  of  the  currents  between 
the  jetties.  This  variability  in  current  could  be  responsible  for  some 
of  the  navigation  problems  in  this  reach. 


Figure  64.  2008  bathymetry  of  MSC  entrance. 


b.  Strong  Current  Velocity  in  Bottleneck.  Another  existing  risk  to  navi¬ 
gation  is  the  strong  current  velocity  through  the  bottleneck.  The 
Kraus  et  al.  (2006)  report  documents  depth-averaged  velocities  in 
the  center  of  the  channel  in  the  bottleneck  as  great  as  5.2  knots 
based  on  numerical  modeling  of  two  significant  tide  conditions.  The 
pilots  use  their  pilot  boat  as  a  float  along  with  a  Global  Positioning 


System  (GPS)  and  report  measured  current  velocities  of  up  to 
9.2  knots  (Pilot  Larry  Robinson  reported  this  value  and  stated  that 
it  was  a  one-time  rare  event).  A  velocity  from  the  boat  measurement 
method  would  tend  to  be  larger  than  the  computed  velocity  from 
Kraus  et  al.  (2006)  because  the  boat  method  represents  a  surface 
velocity  as  opposed  to  depth-averaged  velocity  from  the  numerical 
model.  Also,  the  boat  measurement  technique  could  have  been 
affected  by  waves  and  wind.  As  a  general  rule,  strong  current  veloc¬ 
ities  tend  to  pose  a  larger  problem  for  ships  traveling  in  the  same 
direction  as  the  current  because  the  ship  must  maintain  sufficient 
power  to  push  enough  water  past  its  rudder  for  steerage  control. 
Ships  moving  with  the  current  have  a  large  speed  over  the  ground 
and  a  reduced  level  of  maneuverability.  For  ships  heading  into  a 
strong  current,  the  speed  over  the  ground  is  low  and  the  speed 
through  the  water  is  great.  The  primary  problem  reported  by  the 
pilots  when  going  against  a  strong  current  is  the  sensitivity  of  a  ship 
to  steerage.  Small  ship  angles  relative  to  the  current  tend  to  become 
larger  because  of  the  lateral  forces  acting  on  the  bow  of  the  ship  and 
must  be  quickly  counteracted  to  keep  the  ship  under  control.  The 
MSC  pilots  have  reported  that  the  most  likely  condition  for  groun¬ 
ding  at  the  MSC  is  when  the  ship  is  moving  against  the  current, 
which  is  opposite  to  the  situation  reported  for  most  channels. 

Sundown  (also  known  as  Bird)  Island  Reach.  Another  risk  factor 
faced  by  ships  in  the  existing  MSC  entrance  results  from  a  cross 
current  entering  the  channel  from  the  northeast  during  an  ebb  tide 
or  a  cross  current  from  flow  leaving  the  channel  toward  the  north¬ 
east  during  flood  tide.  These  cross  currents  are  further  complicated 
by  Sundown  Island  creating  an  area  of  variable  horizontal  current 
velocity  in  the  channel  for  a  ship  as  it  travels  southwest  of  the 
island.  This  problem  is  most  significant  on  ebb  tide.  A  major  por¬ 
tion  of  the  ebb  tide  approaches  Sundown  Island  from  the  northeast. 
Sundown  Island  blocks  the  flow  over  a  significant  area  southwest  of 
the  island  that  extends  to  the  ship  channel.  Shadowing  by  the  island 
creates  an  area  of  variable  cross  currents  that  is  a  problem  for  both 
inbound  and  outbound  ships.  Pilot  Larry  Robinson  reported  that 
the  area  on  the  northeast  side  of  the  ship  channel  between 
Sundown  Island  and  Matagorda  Peninsula  has  enlarged  and  deep¬ 
ened  significantly  in  recent  years,  allowing  more  flow  to  approach 
the  inlet  through  that  opening  on  ebb  tide. 
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On  flood  tide,  water  leaves  the  channel  through  this  same  area 
between  the  peninsula  and  Sundown  Island  in  a  northeast  direction 
and  sets  the  ship  to  the  northeast.  The  Sundown  Island  reach  is  also 
the  location  of  a  channel  course  change  and  a  rapid  change  in  depth 
from  the  deep  bottleneck  to  the  dredged  channel  of  the  bay.  This 
course  change  and  depth  change  are  most  problematic  for  inbound 
ships.  Sundown  Island  serves  as  a  detriment  to  navigation  in  the 
MSC  entrance  because  it  reduces  flow  area  and  concentrates  the 
ebb  tide  in  the  area  between  the  island  and  the  peninsula,  making 
cross  currents  variable  and  stronger.  Relocation  of  Sundown  Island 
far  from  the  entrance  would  likely  improve  navigation  conditions  at 
the  MSC  Entrance. 

These  three  adverse  current  locations  affect  navigation  in  different  ways 
depending  on  ship  direction  and  stage  of  tide.  The  four  combinations  of 
tidal  current  direction  and  ship  direction  are  discussed  in  the  following 
paragraphs.  These  descriptions  are  based  on  an  alongshore  current  in  a 
southwest  direction  that  produces  a  cross  current  at  the  jetty  entrance  and 
a  large  tide  range  creating  a  large  water  level  difference  between  the  gulf 
and  the  bay. 

a.  Inbound  Ship,  Ebb  Tide  (low  speed  over  ground,  large  speed  through 
water).  For  an  inbound  ship  on  an  ebb  tide  at  the  gulf  entrance,  the 
starboard  drift  angle  of  the  ship  from  the  alongshore  current  toward 
the  southwest  at  the  jetty  entrance  and  the  opposing  tide  causes 
forces  on  the  bow  of  the  ship  that  tend  to  increase  the  clockwise 
rotation  of  the  ship  (i.e.,  increase  the  starboard  drift  angle).  The 
rotation  makes  it  more  difficult  for  port  rudder  to  counteract  the 
starboard  drift  of  the  ship.  Upon  reaching  the  bottleneck,  the  ship 
must  maintain  control  in  the  strong  current  velocity  through  the 
bottleneck.  Any  residual  drift  angle  from  a  cross  current  at  the 
jetties  becomes  harder  to  correct  in  the  bottleneck.  After  leaving  the 
bottleneck  at  a  low  speed  relative  to  ground,  the  ship  experiences 
varying  cross  currents  in  the  Sundown  Island  reach.  At  first,  the 
ship  experiences  forces  on  the  bow  from  flow  between  Sundown 
Island  and  the  peninsula  that  causes  a  drift  angle  and  translation  to 
port.  When  the  bow  arrives  in  the  lee  of  Sundown  Island,  only  the 
stern  is  subjected  to  the  cross  flow,  and  the  ship  will  tend  to  a  star¬ 
board  drift  angle,  but  still  be  subjected  to  forces  tending  to  translate 
it  to  port.  Once  the  bow  passes  the  lee  of  Sundown  Island  and  the 
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stern  is  still  in  the  lee  of  Sundown  Island,  the  ship  again  exper¬ 
iences  a  drift  angle  and  translation  forces  to  port. 

b.  Inbound  Ship,  Flood  Tide  (large  speed  over  ground,  low  speed 
through  water).  For  an  inbound  ship  on  a  flood  tide  at  the  gulf  entr¬ 
ance,  the  starboard  drift  angle  of  the  ship  must  be  overcome  by 
enough  power  and  thus  rudder  force.  This  situation  causes  the  ship 
to  have  a  large  speed  over  the  ground  that  causes  it  to  reach  the 
bottleneck  portion  of  the  channel  quickly.  For  example,  a  ship 
traveling  at  8  knots  relative  to  water  with  a  4  knot  current  traverses 
the  6,ooo-ft-long  jetty  in  about  5  min.  Upon  reaching  the  bottle¬ 
neck,  the  ship  speed  over  ground  increases  even  more  due  to  the 
stronger  current  in  the  bottleneck  and  the  need  to  maintain  stee¬ 
rage.  The  unusually  large  ship  speed  continues  through  the  bottle¬ 
neck  and  into  the  Sundown  Island  reach.  The  channel  bottom  rises 
from  the  deep  scour  of  the  bottleneck  up  to  project  depth  of  about 
38  ft  at  sta  7+400,  that  is  about  halfway  between  the  northwest  side 
of  the  peninsula  (about  sta  5+000)  and  Sundown  Island  (about 

sta  10+500).  The  200-ft  bottom  width  channel  at  this  point  is  not  a 
well-defined  trench  channel  and  gradually  slopes  up  and  decreases 
in  depth  away  from  the  channel  to  typical  depths  in  the  bay  of  about 
9-11  ft.  The  ship  reaches  the  shallower  authorized  channel  depth  of 
about  36  ft  at  sta  7+400  at  a  high  rate  of  speed,  and  pilots  report 
problems  with  control  and  large  bow  squat  that  continues  past 
Sundown  Island.  Some  problems  are  related  to  the  flow  leaving  the 
channel  in  a  northeast  direction  and  resulting  in  cross  currents  that 
set  the  ship  to  the  northeast. 

c.  Outbound  Ship,  Ebb  Tide  (large  speed  over  ground,  low  speed 
through  water).  The  ship  reaches  the  Sundown  Island  area  and  is 
exposed  to  a  varying  cross  current  because  of  blockage  of  the 
current  by  Sundown  Island  and  the  flow  between  Sundown  Island 
and  the  peninsula.  Once  past  the  bottleneck,  an  outbound  ship  on 
ebb  tide  experiences  few  problems. 

d.  Outbound  Ship,  Flood  Tide  (low  speed  over  ground,  large  speed 
through  water).  The  ship  experiences  cross  currents  with  flow 
leaving  the  channel  between  Sundown  Island  and  the  peninsula. 

The  ship  must  make  headway  against  a  strong  longitudinal  current 
in  the  bottleneck  that  makes  steerage  sensitive  to  small  drift  angles. 
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Once  past  the  bottleneck,  an  outbound  ship  on  flood  tide  exper¬ 
iences  few  problems. 

Previous  studies  on  probability  of  grounding 

The  primary  risk  to  navigation  addressed  in  this  study  is  a  powered  groun¬ 
ding  of  a  ship.  Studies  performed  for  other  navigation  channels  were 
examined  to  determine  the  probability  of  a  powered  grounding. 

Solem  (1980)  evaluated  probability  models  for  grounding  and  developed 
the  probability  of  a  powered  grounding  as  10AL/IV,  where  L  is  the  length 
of  the  waterway,  and  W  is  the  width  of  the  navigation  lane.  Inserting  a 
length  of  3.5  miles  for  the  reach  studied  herein  and  an  average  width  of 
400  ft  based  on  the  variation  of  width  in  the  dredged  channel  and  the 
bottleneck,  the  probability  of  grounding  becomes  0.00046. 

De  Vries  (1990)  examined  the  use  of  simulators  in  port  design  and  noted 
that  simulators  have  two  advantages.  First,  simulators  assist  in  evaluating 
the  behavior  of  humans  in  charge  of  maneuvering  procedures.  De  Vries 
notes  that  this  behavior  is  normally  challenging  to  simulate  in  mathe¬ 
matical  or  other  descriptive  models.  The  second  reason  is  that  results  from 
simulator  experiments  can  be  incorporated  into  probabilistic  design. 

Dand  and  Lyon  (1993)  determined  a  grounding  rate  of  0.03  per  1,000  ship 
movements.  They  stated  that  this  value  was  consistent  throughout  the  data 
and  that  the  inference  can  be  drawn  that  this  level  is  acceptable  to  port 
and  ship  operators.  This  results  in  a  probability  of  grounding  of  0.00003. 

Briggs  et  al.  (1994)  conducted  physical  model  tests  of  the  Barbers  Point 
Harbor,  HI,  using  a  remotely  controlled  ship  to  assess  the  probability  of 
unacceptable  navigation  conditions  or  groundings.  They  divided  the 
environmental  domains  into  A,  B,  and  C.  Domain  (A)  was  the  state  of 
extreme  or  rare  environmental  conditions  having  low  frequency  of  occur¬ 
rence  that  might  be  expected  to  occur  3  to  5  percent  of  the  time.  The  upper 
boundary  to  this  domain  is  the  limiting  condition  where  ships  would  not 
attempt  to  enter,  such  as  during  a  storm.  The  second  domain  (B)  is  charac¬ 
terized  by  frequently  occurring  environmental  conditions  which  would 
influence  navigation.  They  are  the  normal  conditions  ships  encounter  on  a 
weekly  basis.  The  last  domain  (C)  is  the  no-problem  domain  that  has  a 
negligible  influence  on  navigation.  Domain  (C)  has  the  highest  frequency 
of  occurrence. 
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In  Domain  (A),  waves  were  the  dominant  navigation  consideration.  For 
the  existing  plan,  the  fraction  of  unacceptable  navigation  or  grounding  in 
Domain  (A)  for  average  conditions  was  0.53  for  an  inbound  ship  and  0.17 
for  an  outbound  ship.  In  Domain  (B),  both  waves  and  currents  were  consi¬ 
dered  to  influence  navigation  risk.  For  the  existing  plan,  the  fraction  of 
unacceptable  navigation  or  grounding  in  Domain  (B)  for  average  condi¬ 
tions  was  0.18  for  an  inbound  ship  and  0.06  for  an  outbound  ship. 
Combining  the  probability  of  environmental  domain,  the  probability  of  a 
ship  being  present,  and  the  fraction  of  unacceptable  navigation  or  groun¬ 
ding,  results  in  the  probability  of  unacceptable  navigation  for  each 
domain.  Using  the  existing  harbor  and  average  test  conditions  with 
100  ships  per  year  resulted  in  the  probability  of  unacceptable  navigation  in 
Domain  (A)  of  0.000042.  Domain  (B)  results  in  the  probability  of  unacc¬ 
eptable  navigation  of  0.000132.  For  Domain  (C),  waves  and  currents  are 
not  considered  hazardous,  and  the  probability  of  grounding  was  assigned  a 
value  of  6(10)  5,  as  being  an  international  standard  for  the  probability  of  a 
ship  accident  per  ship  call. 

Total  probability  of  unacceptable  navigation  is  the  sum  of  the  three 
domains,  0.000234.  For  the  existing  harbor  and  worst  conditions  with 
200  ships  per  year,  the  total  probability  of  unacceptable  navigation  was 
0.00072.  The  recommended  plan  at  the  lowest  level  of  traffic  and  the  best 
conditions  resulted  in  a  probability  of  grounding  or  unacceptable  navig¬ 
ation  of  0.00007. 

Knott  (1996)  presented  an  equation  for  the  probability  of  a  ship  colliding 
with  a  bridge  pier.  Although  different  from  a  grounding,  there  are  some 
similarities  in  a  ship  running  aground  and  a  ship  colliding  with  a  fixed 
object,  because  both  occur  on  the  edge  of  the  navigation  channel.  Knott 
quotes  the  base  rate  for  collisions  has  a  probability  of  0.00006  that  is 
modified  upward  if  the  bridge  is  in  a  bend,  if  a  current  runs  parallel  to  the 
ship,  if  a  cross  current  is  present,  and  depending  on  traffic  density. 

Brown  and  Amrozowicz  (1996)  evaluate  risk  from  oil  tankers,  but  much  of 
their  work  is  applicable  to  the  MSC.  The  authors  refer  to  “top  =  down” 
statistics  that  provide  only  limited  insight.  They  state,  “We  must  work 
fundamentally  from  the  bottom-up  so  that  systemic  causes  and  effects  can 
be  filtered  from  the  apparent  randomness  and  properly  addressed.”  The 
bottom-up  approach  they  use  deals  with  the  details  of  the  response  of  the 
ship’s  crew  and  the  probabilities  of  their  actions.  The  authors  consider 
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four  primary  causes  of  accidental  oil  spill  as  (l)  grounding,  (2)  collision, 

(3)  fire  or  explosion,  and  (4)  structural  failure.  They  present  a  chart 
showing  that  65  percent  of  all  oil  spill  volume  is  the  result  of  groundings. 
The  authors  develop  a  fault  tree  analysis  to  arrive  at  a  comprehensive 
understanding  of  the  navigation  system.  They  note  that  major  disasters  are 
rarely  caused  by  one  factor.  They  also  note  that  the  human  element  in 
maritime  accidents  is  the  major  contributor  to  grounding  accidents. 

Lin  et  al.  (1998)  reported  on  risk  factors  for  ship  groundings.  They  exam¬ 
ined  data  from  five  U.S.  ports:  Boston,  MA,  New  York/New  Jersey,  Tampa, 
FL;  Houston/Galveston,  TX;  and  San  Francisco,  CA.  Data  from  1981  to 
1995  were  analyzed.  They  report  on  risks  due  to  errors  in  tide  prediction 
and  daytime  versus  nighttime  navigation.  They  found  that  tide  forecast 
error  was  not  a  significant  risk  factor,  but  that  nighttime  navigation  was 
far  more  risky  than  daytime  navigation.  Based  on  the  five  port  areas  evalu¬ 
ated,  15  percent  of  groundings  occurred  during  daytime,  43  percent  during 
nighttime,  36  percent  during  transition  (dawn  or  dusk),  and  6  percent 
during  unknown  times.  At  the  Houston/Galveston  port  area,  7  percent  of 
groundings  occurred  during  daytime,  44  percent  during  nighttime, 

45  percent  during  transition  (dawn  or  dusk),  and  5  percent  during 
unknown  times.  Although  the  largest  ships  on  the  MSC  are  daylight  restr¬ 
icted,  the  non-daylight  restricted  smaller  ships  at  night  would  have  a 
significantly  greater  risk  of  grounding  than  the  non-daylight  restricted 
ships  passing  during  the  daytime. 

Kite-Powell  et  al.  (1998)  note  that  groundings  of  commercial  ships  account 
for  about  one-third  of  all  commercial  maritime  accidents,  including  some 
of  the  most  expensive  such  as  the  Exxon  Valdez  incident  in  Alaska.  The 
authors  make  a  clear  distinction  between  the  association  between  circum¬ 
stances  surrounding  a  transit  and  the  occurrence  of  a  grounding  and  avoid 
reference  to  the  cause  of  grounding.  They  state  that  proving  cause  is  diffi¬ 
cult  to  accomplish  and  list  the  following  attributes  that  can  reasonably  be 
expected  to  contribute  to  likelihood  of  a  grounding: 

a.  Vessel  characteristics  (draft,  beam,  maneuverability). 

b.  Topography  of  the  waterway  (water  depth,  channel  width,  channel 
length,  complexity  of  turns,  traffic  density). 

c.  Environmental  condition  (wind,  visibility,  currents,  waves). 


ERDC  TR-11-8 


92 


d.  Operator  (experience,  training,  local  knowledge). 

e.  Information  available  to  operators  (quality  of  charts,  quality  of 
information  about  tide  levels  and  currents,  VTS  guidance, 
navigation  aids). 

Under  visibility,  they  distinguish  good  and  poor  visibility  by  a  distance  of 
2  km.  For  small  ships  defined  as  draft  <  30  ft,  poor  visibility  had  a  probab¬ 
ility  of  grounding  of  7-9  times  greater  than  good  visibility.  For  large  ships 
having  draft  >  30  ft,  poor  visibility  had  a  probability  of  grounding  of  5  to 
8  times  greater  than  good  visibility.  For  barge  trains  at  the  Houston/ 
Galveston  ship  channel,  poor  visibility  produced  a  probability  of  groun¬ 
ding  seven  times  greater  than  good  visibility.  Wind  was  found  to  be  a 
lesser  factor  than  visibility,  and  the  paper  notes  that  strong  wind  condi¬ 
tions  along  the  gulf  coast  are  rare.  The  MSC  pilots  state  that  while  wind 
can  be  a  problem,  strong  current  is  the  major  concern. 

Kite-Powell  et  al.  (1998)  examined  data  from  1981  to  1995.  They  consi¬ 
dered  only  accidental  groundings  and  ignored  those  identified  as  intent¬ 
ional  or  due  to  mechanical  failure  or  other  non-navigational  causes.  They 
define  ship  transits  whereby  one  port  call  is  two  ship  transits,  one  inbound 
transit  and  one  outbound  transit.  All  five  ports  average  around  0.75  groun¬ 
dings  per  1,000  ship  transits.  Houston/Galveston,  the  only  gulf  coast  port, 
had  0.89  ship  groundings  per  1,000  transits  or  a  probability  of  0.00089. 
The  authors  also  found  that  low  visibility  produces  an  order  of  magnitude 
increase  in  the  probability  of  grounding.  Strong  wind  (speed  >  10  m/sec) 
appears  to  have  a  less  significant  effect,  which  is  consistent  with  the  state¬ 
ments  by  the  Matagorda  Bay  Pilots.  Large  ships  (draft  >  =  30  ft)  and  barge 
trains  were  found  to  have  the  highest  probability  of  grounding. 

Harrald  et  al.  (1998)  reports  on  human  error  in  a  maritime  system  and 
state  that  it  is  the  primary  cause  of  most  transportation-related  accidents. 
They  state  that  prevention  programs  must  reduce  human  errors.  The 
authors  define  an  incident  as  a  triggering  event,  such  as  human  error  or 
mechanical  failure  creating  an  unsafe  condition  that  may  result  in  an 
accident.  They  developed  a  six-stage  causal  chain  reproduced  in  Figure  65. 
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Situation-  Traffic,  visibility,  wind,  ice,  location,  etc. 
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Figure  65.  Framework  for  maritime  risk  assessment  and  risk  reduction  intervention,  replotted 

from  Harrald  etal.  (1998). 


Brown  and  Haugene  (1998)  examine  the  impact  of  organizational  and 
management  factors  on  the  risk  of  tanker  grounding.  They  separate 
groundings  into  powered  and  drift.  They  break  down  the  grounding  into 
the  details  of  what  happened  leading  up  to  the  grounding  by  examining 
the  individual  human  actions  that  led  to  or  could  have  prevented  the 
grounding.  Similar  to  other  risk  approaches  reported  herein,  they  applied 
the  Analytical  Hierarchy  Process  (AHP)  to  quantify  subjective  influences. 
They  note  that  AHP  was  developed  by  Saaty  (1980)  for  solving  multi¬ 
attribute  decision  problems.  AHP  is  a  way  of  measuring  the  relative  value 
of  quantitative  and  qualitative  information. 

The  U.S.  Coast  Guard  (USCG)  conducted  a  risk-based  decision-making 
process  to  evaluate  the  need  for  and  plan  future  vessel  traffic  management 
projects.  Ports  and  Waterways  Safety  Assessment  (PAWSA)  workshops 
were  completed  in  28  ports  around  the  United  States  between  1999  and 
2001.  Port  Lavaca  was  one  of  the  28  ports.  The  port  risk  model  includes 
20  risk  factors  as  shown  in  Table  19.  The  typical  workshop  panel  was 
composed  of  pilots,  port  authorities,  environmental  interest  groups, 
recreational  and  commercial  fisherman,  USCG,  Corps  of  Engineers,  tug 
and  towboat  operators,  local  and  state  officials,  etc.  Note  that  this  evalu- 
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ation  is  based  on  the  entire  MSC  channel  whereas  the  study  conducted 
herein  only  evaluates  the  gulf  entrance  to  just  south  of  the  old  GIWW. 
Based  on  information  from  all  28  ports,  Port  Lavaca  ranked  high  in  the 
following  of  the  20  categories  considered: 

1.  3rd  in  percent  of  high-risk  shallow  draft. 

2.  7th  in  volume  of  shallow  draft  vessels. 

3.  7th  in  volume  of  fishing  and  pleasure  craft. 

4.  3rd  in  tide  and  river  currents.  (Behind:  (a)  Berwick  Bay  that  has 

5-6  knot  river  currents  during  floods  with  primarily  barge  traffic  and 
(b)  Port  Everglades  that  has  variable  and  strong  cross  currents  and 
larger  number  of  ships). 

5.  1st  in  waterway  complexity. 

6.  4th  in  volume  of  hazardous  chemical  cargoes. 


Table  19.  Final  PAWSA  model  (USCG  2001)  of  20  risk  factors  in  six  categories  and  weighting 
factors.  Numbers  in  parentheses  are  weighting  factors. 


Maximize  Safety  in  a  Port  or  Waterway 

Decrease  Frequency  of  Accidents  (0.70) 

Decrease  Consequences  of 

Accidents  (0.30) 

Fleet 

Composition 

(0.29) 

Traffic 

Conditions 

(0.25) 

Environmental 
Conditions  (0.21) 

Waterway 

Configuration 

(0.25) 

Short-term 

Consequences 

(0.52) 

Subsequent 

Consequences 

(0.48) 

%  of  high  risk 
deep  draft 
(0.35) 

Volume  of 
deep  draft 
vessels 
(0.24) 

Wind  conditions 
(0.26) 

Visibility 

obstructions 

(0.26) 

Volume  of 

passengers 

(0.38) 

Economic 

Impacts  (0.43) 

%  of  high  risk 
shallow  draft 
(0.65) 

Volume  of 
shallow  draft 
vessels 
(0.32) 

Visibility 

conditions  (0.12) 

Passing 

Situations  (0.24) 

Volume  of 
petroleum 
cargoes  (0.38) 

Environmental 
impacts  (0.34) 

Volume  of 
fishing  and 
pleasure 
craft  (0.29) 

Tide  and  river 
currents  (0.27) 

Channels  and 
Bottoms  (0.29) 

Volume  of 
hazardous 
chemical 
cargoes  (0.24) 

Health  and  safety 
impacts  (0.23) 

Traffic 

density 

(0.14) 

Ice  conditions 
(0.35) 

Waterway 

complexity 

(0.21) 

One  statement  in  the  PAWSA  report  (USCG  2001)  about  Port  Lavaca  was 
that  the  risks  to  deep-draft  navigation  are  “partially  offset  by  the  low  vol¬ 
ume  of  such  traffic,  currently  in  the  order  of  two  to  three  ships  per  day, 
and  by  a  process  of  vetting,  implemented  by  the  major  shippers  as  a  means 
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of  ensuring  the  quality  of  ships  used.”  Quality  of  ships  implies  that  ships 
not  having  good  maneuvering  characteristics  were  not  allowed  in  the  MSC. 
The  pilots  were  asked  about  this  concept  of  vetting  and  stated  emphat¬ 
ically  that  it  does  not  happen. 

Linke  and  Huesig  (2000)  evaluated  the  effects  of  cross  currents  on  barge 
operation.  They  provide  equations  for  allowable  cross  flow  for  a  given 
lateral  translation  for  barge  trains  on  canals.  No  information  on  ships  was 
presented. 

The  risk  assessment  for  Prince  William  Sound  (Merrick  et  al.  2002)  was 
conducted  as  a  result  of  the  oil  spill  from  the  grounding  of  the  Exxon 
Valdez  on  24  March  1989.  Following  the  accident,  various  risk-reduction 
measures  were  implemented  including  weather-based  closures  during 
strong  wind,  designation  of  a  portion  to  one-way  traffic,  and  assistance  by 
escort  tugs.  Subsequently,  questions  arose  about  the  effectiveness  of  these 
measures  and  the  need  for  additional  measures.  All  parties  agreed  on 
conducting  a  risk  assessment  to  evaluate  the  risks  of  oil  transport  in  the 
Prince  William  Sound  and  to  identify  and  rank  proposed  future  risk  reduc¬ 
tion  measures.  The  authors  applied  a  discrete  event  simulation  of  the  sys¬ 
tem  to  deal  with  the  complex  dynamic  nature  of  the  system  and  to  model 
the  interactions  between  the  vessels  and  their  environment. 

Roy  and  Maes  (2006)  report  on  a  risk  assessment  of  ships  in  the  Belgian 
waters  of  the  North  Sea.  For  these  ships,  they  specified  a  probability  of 
powered  grounding  for  ships  with  a  pilot  and  good  visibility  of  0.000247 
for  all  ship  types.  Powered  grounding  with  a  pilot  and  poor  visibility  had  a 
probability  of  0.000687.  Although  not  specifically  stated,  these  values 
appear  to  be  probability  per  ship  movement.  Drift  groundings  were  expr¬ 
essed  in  a  different  manner  as  ship  frequency  per  hour.  For  ship  types  at 
the  MSC  entrance,  drift  groundings  due  to  ship  breakdown  per  hour  had  a 
probability  of  about  0.00034. 

Hart  (2007)  presents  the  expert  witness  statement  of  Captain  Frank  Hart 
in  opposition  to  the  deepening  of  the  Port  of  Melboune  due  to  concerns 
about  navigation  safety.  The  primary  concern  was  grounding  at  the  entr¬ 
ance  due  to  a  strong  cross  current  that  sometimes  exceeds  4  knots.  The 
witness  states  that  the  full  experiences  of  the  pilots  have  not  been  taken 
into  account  in  assessing  the  risks  associated  with  the  deeper  draft  ships  in 
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the  same  width  channel.  This  study  simply  serves  as  a  reminder  to  con¬ 
sider  all  stakeholders  in  the  risk-evaluation  process. 

Uluscu  et  al.  (2008)  conducted  a  risk  analysis  of  vessel  traffic  in  the  Strait 
of  Istanbul.  Their  objective  was  to  determine  operational  policies  that 
mitigate  the  risk  of  having  an  accident  that  will  endanger  the  environment, 
the  residents  of  Istanbul,  and  impact  the  economy,  while  maintaining  an 
acceptable  level  of  vessel  throughput.  They  define  the  events  that  may 
trigger  an  accident  as  instigators.  Their  five  instigators  are  human  error, 
rudder  failure,  propulsion  failure,  communication  and/or  navigation 
equipment  failure,  and  mechanical  and/or  electrical  failure.  Accidents  are 
two  types;  the  first  tier  is  the  initial  accident,  and  the  second  tier  is  the 
accidents  that  could  happen  as  a  consequence  of  a  first  tier  accident.  First 
tier  accidents  are  collision,  grounding,  ramming,  and  fire  and/or  explo¬ 
sion.  Second  tier  accidents  that  may  follow  a  first  tier  accident  are  groun¬ 
ding,  ramming,  fire  and/or  explosion,  and  sinking.  Note  that  in  some 
cases,  there  may  not  be  a  second-tier  accident.  An  example  at  the  MSC 
entrance  would  be  if  a  ship  grounds  on  a  soft  portion  of  the  channel,  but 
no  other  accident  follows. 

Uluscu  et  al.  (2008)  state  that  the  occurrence  of  an  instigator  depends  on 
the  situation.  At  the  MSC  entrance,  the  situation  of  most  concern  is  the 
presence  of  an  adverse  current.  They  describe  the  situation  with  vessel 
attributes  and  environmental  attributes.  Vessel  attributes  are  vessel  type 
and  length,  reliability,  pilot  request,  and  tugboat  request.  At  the  MSC 
entrance,  tugs  are  not  called,  and  pilots  are  always  present,  so  these  attrib¬ 
utes  can  be  eliminated.  Uluscu  et  al.  (2008)  consider  environmental  attri¬ 
butes  as  vessel  proximity,  visibility,  current,  geographic  location,  local 
traffic  density,  and  time  of  day.  For  the  one-way  traffic  on  the  MSC,  vessel 
proximity  and  local  traffic  density  are  not  issues.  Visibility  is  broken  down 
by  Uluscu  et  al.  (2008)  as  <  0.5  mile,  0.5  to  1.0  mile,  and  >  1.0  mile.  They 
phrase  the  risk  question  as:  (1)  how  often  do  the  various  situations  occur?; 
(2)  for  a  particular  situation,  how  often  do  instigators  occur?;  (3)  if  an 
instigator  occurs,  how  likely  is  an  accident?;  and  (4)  if  an  accident  occurs, 
what  would  be  the  damage  to  human  life,  property,  environment,  and 
infrastructure? 

Uluscu  et  al.  (2008)  quantify  risks  based  on  historical  data,  expert  judg¬ 
ment,  and  a  simulation  model  of  traffic.  Based  on  historical  accident  data, 
they  found  the  probability  of  the  four  first  tier  accident  types  for  each  of 


ERDC  TR-11-8 


97 


the  five  instigators  shown  in  Table  20.  Based  on  historical  accident  data, 
they  found  the  probability  of  the  four  second  tier  accident  types  plus  the 
probability  of  no  second  tier  accident  for  each  of  the  four  first  tier  acci¬ 
dents  shown  in  Table  21. 


Table  20.  Probability  of  four  accident  types  as  result  of  five  different  instigators  based  on 
historical  accident  data  at  Strait  of  Istanbul. 


1st  Tier 

Accident 

Instigator 

Human  Error 

Steering 

Failure 

Propulsion 

Failure 

Comm/Nav 
Equip  Failure 

Mech/ 

Electrical 

Failure 

Collision 

0.0002936 

0.0000087 

0 

0 

NA 

Ramming 

0.0001526 

0.0000262 

0.0000238 

0 

NA 

Grounding 

0.0001670 

0.0000384 

0.0000192 

0 

NA 

Fire/Explosion 

0.0000638 

NA 

NA 

NA 

0.0000798 

NOTE: 

NA  =  Does  not  cause  first-tier  accident,  but  may  cause  second-tier  accident.  For  example,  a 
steering  failure  does  not  cause  a  first-tier  fire/explosion,  but  a  steering  failure  could  cause  a 
grounding  that  could  result  in  a  second-tier  accident  of  a  fire  or  explosion. 


Table  21.  Probability  of  second-tier  accident  after  first  tier  accident  based  on  historical 

accident  data  at  Strait  of  Istanbul. 


1st  Tier 

Accident 

Second  Tier  Accident 

No  2nd  Tier 
Accident 

Grounding 

Ramming 

Fire/Explosion 

Sinking 

Collision 

0.8737 

0.0289 

0.0000 

0.0158 

0.0816 

Grounding 

0.9794 

NA 

NA 

0.0041 

0.0165 

Ramming 

0.8325 

0.1218 

NA 

0.0102 

0.0355 

Fire/explosion 

0.9355 

0.0081 

0.0000 

NA 

0.0565 

Grounding  probability  in  MSC  entrance 

Based  on  the  Merrick  et  al.  (2002)  risk  assessment  of  PWS,  the  preferred 
method  of  estimating  probabilities  is  through  data.  The  probability  of 
grounding  in  a  waterway  is  best  determined  by  a  large  volume  of  historical 
data.  Historical  ship  grounding  data  for  the  MSC  could  not  be  found.  Data 
was  requested  from  the  pilots,  the  port,  and  the  USCG,  but  none  was  avail¬ 
able.  USCG  databases  did  not  contain  information  to  define  the  historical 
rate  of  grounding. 
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Another  methodology  for  defining  the  probability  of  grounding  is  the 
approach  taken  by  Briggs  et  al.  (1994),  in  which  a  remotely  controlled  ship 
model  was  operated  to  evaluate  various  channel  and  environmental  condi¬ 
tions.  The  track  of  the  model  ship  was  recorded,  and  the  probability  of 
exceeding  the  channel  limits  was  determined.  The  physical  model 
approach  was  not  considered  herein  because  of  the  difficulty  of  replicating 
the  complex  current  in  the  bay  and  in  the  bottleneck. 

Another  approach  for  defining  the  probability  of  grounding  is  to  use  a 
simulator  similar  to  the  approach  described  above  for  the  physical  model. 
The  present  study  conducted  a  ship  simulator  exercise  (discussed  subseq¬ 
uently)  to  provide  a  relative  comparison  of  the  risks  to  navigation  in  the 
existing  channel  and  the  channel  with  the  bottleneck  removed  as  pres¬ 
ented  in  Kraus  et  al.  (2006).  A  complete  ship  simulator  to  establish  the 
probability  of  grounding  in  the  MSC  entrance  would  have  been  a  large 
challenge  because  of  the  complexity  of  the  current  and  the  relatively  few 
pilots  (four)  available  to  make  the  numerous  simulations  required  to 
establish  the  probability  of  grounding. 

The  remaining  method  for  establishing  the  probability  of  grounding  is  to 
adopt  data  from  another  similar  channel.  The  available  data  are  summ¬ 
arized  in  the  previous  section  of  this  report  and  shown  in  Table  22.  No 
waterway  was  found  in  which  a  large  longitudinal  current  is  the  primary 
problem  in  the  channel.  The  data  set  represents  various  levels  of  adverse 
navigation  conditions  and  various  lengths  of  channels.  Channel  length  is 
central  because  the  results  are  often  expressed  as  probability  per  ship 
movement.  The  range  of  probabilities  in  the  table  is  0.00003  to  0.00089. 
The  closest  port  for  which  we  have  data  is  the  Houston/ Galveston  data 
from  Kite-Powell  (1998).  The  Houston/Galveston  channel  has  great  length 
and  a  large  amount  of  traffic  sometimes  leading  to  congestion.  Kite-Powell 
(1998)  states  that  the  method  of  data  gathering  may  have  resulted  in  high 
rates.  Roy  and  Maes’  (2006)  data  on  the  North  Sea  for  ships  with  pilots 
and  poor  visibility  had  a  probability  of  grounding  of  0.00069.  The  Roy  and 
Maes  (2006)  value  is  consistent  with  the  worst  conditions  in  the  Briggs 
et  al.  (1994)  tests,  having  a  probability  of  0.00072. 
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Table  22.  Summary  of  ship  grounding  information. 


Source 

Location 

Type  of  Grounding 

Probability  per 
Transit 

Briggs  et  al. 
(1994) 

Barbers 

Point  model 

Powered 

0.00007- 

0.00072 

Uluscu  et  al. 
(2008) 

Strait  of 
Istanbul 

Powered 

0.000167 

Uluscu  et  al. 
(2008) 

Strait  of 
Istanbul 

Drift  =  steering  + 
propulsion 

0.0000576 

Kite-Powell 
et  al.  (1998) 

Five  US 
ports 

Powered 

0.00075 

Kite-Powell 
et  al.  (1998) 

Houston- 

Galveston 

Powered 

0.00089 

Dand  and  Lyon 
(1993) 

universal 

Powered 

0.00003 

Knott  (1996) 

Bridge 

locations 

Powered  and  drift 

Min  of 

0.00006 

Roy  and  Maes 
(2006) 

North  Sea 

Powered,  good 
(poor)  visibility  with 
pilot 

0.000247 

(0.000687) 

Roy  and  Maes 
(2006) 

North  Sea 

Drift 

0.00034/  hr 

Solem  (1980) 

General 

Powered 

0.00046 

Because  the  Permanent  International  Association  of  Navigation  Congress 
(PIANC)  guidelines  classify  longitudinal  currents  of  greater  than  3  knots 
as  strong  and  the  MSC  entrance  has  a  longitudinal  current  exceeding 
3  knots  over  60  percent  of  the  time,  an  argument  can  be  made  for  adopting 
a  high  probability  of  grounding.  It  is  likely  that  a  grounding  that  does  not 
cause  damage  to  the  ship  or  waterway  often  goes  unreported,  which  would 
reduce  all  published  reports  of  groundings.  Because  the  existing  channel 
has  one-way  traffic,  and  the  largest  vessels  are  daylight  restricted,  an  argu¬ 
ment  can  be  made  for  adopting  a  low  probability  of  grounding.  The  groun¬ 
ding  data  from  other  sources  can  only  be  consulted  to  estimate  a  baseline 
probability  to  use  for  comparing  to  other  risks  to  navigation.  A  probability 
of  grounding  of  0.0007  per  ship  transit  will  be  specified  for  the  MSC  entr¬ 
ance  based  on  the  larger  values  from  Houston/Galveston,  Roy  and  Maes 
(2006),  and  Briggs  et  al.  (1994).  This  value  does  not  reflect  the  strong 
longitudinal  current  velocity,  particular  channel  condition,  or  fleet  charac¬ 
teristics  at  the  MSC  entrance,  and  only  represents  a  navigation  channel 
with  a  relatively  high  probability  of  grounding.  At  732  ships  transits  per 
year,  this  rate  gives  an  expected  value  of  0.5  powered  groundings  per  year. 
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Analysis  of  existing  traffic  and  environmental  conditions 

Based  on  interviews  with  MSC  pilots,  the  breakdown  of  the  system  into 
attributes  that  contribute  to  likelihood  of  grounding  are:  (a)  reach  or 
where  a  ship  is  located  in  the  MSC  entrance,  (b)  ship  direction,  (c)  direc¬ 
tion  of  tidal  current,  (d)  ship  class,  (e)  tidal  current  magnitude  in  the 
bottleneck,  (f)  visibility,  and  (g)  magnitude  of  cross  current  at  the  gulf 
entrance  for  entering  ships  only.  A  tree  diagram  in  Figure  66  shows  the 
breakdown  of  the  navigation  system  into  attributes.  Every  attempt  is  made 
to  completely  describe  the  system  while  maintaining  the  minimum 
number  of  attributes.  Each  of  the  attributes  is  discussed  in  the  following 
paragraphs. 


Bottleneck 

Ship 

Current 

Class 

Visibility 

Bottleneck 

Ship 

Current 

Class 

Visibility 

Bottleneck 

Ship 

Cu  rren  t 

Class 

Visibility 

Cross 

Bottleneck 

Ship 

Visibility 

Currents 

Current 

Class 

Figure  66.  Tree  showing  attributes  of  MSC  entrance  navigation. 


Reach.  The  study  area  is  broken  into  the  reach  from  the  gulf  to  the  bottle¬ 
neck  and  the  reach  from  the  bottleneck  to  just  north  of  Sundown  Island. 
The  two  reaches  have  two  separate  navigation  problems  that  have  different 
underlying  attributes.  For  example,  the  gulf  to  the  bottleneck  is  affected  by 
the  cross  current  at  the  gulf  entrance  to  the  jetties,  whereas  a  cross  current 
at  the  gulf  entrance  would  have  no  affect  on  the  bottleneck  to  Sundown 
Island  Reach. 


Ship  Direction.  Based  on  interviews  with  MSC  pilots  and  experience 
with  other  navigation  channels,  inbound  ships  have  a  much  greater  diffi¬ 
culty  navigating  the  channel  than  outbound  ships,  generally  as  a  result  of 
the  cross  current  at  the  inlet  and/or  having  to  reduce  speed  just  north  of 
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the  peninsula  because  of  the  course  change  and  steep  decrease  in  depth  of 
the  channel. 

Tidal  Current  Direction.  The  direction  of  the  tidal  current  enters  a 
degree  of  navigation  difficulty  because,  according  to  most  reports,  ships 
traveling  with  a  current  have  far  less  maneuverability  than  ships  traveling 
against  a  current.  At  the  MSC  entrance,  the  pilots  report  that  the  opposite 
is  true,  with  travel  against  the  current  being  more  difficult  to  navigate. 
There  was  not  complete  agreement  from  the  pilots  on  this  issue.  This 
diversity  of  opinion  demonstrates  the  complexity  of  navigation  at  the  MSC 
entrance.  At  the  MSC,  the  ebb  tide  lasts  longer  than  flood  tide.  Based  on 
tide  records,  ebb  tide  occurs  about  60  percent  of  the  time  versus 
40  percent  for  flood  tide. 

Ship  Classes  on  MSC  and  Ship  Frequency.  The  Port  of  Port 
Lavaca/Point  Comfort  and  Aluminum  Company  of  America  (ALCOA) 
provided  data  on  annual  ship  berthings  on  their  MSC  docks,  as  shown  in 
Table  23.  The  average  number  of  berthings  since  2001  is  366  ships  per 
year.  Because  each  berthing  represents  one  inbound  and  one  outbound 
transit,  the  MSC  has  an  average  of  732  transits  per  year  or  2.0  ship  transits 
per  day.  Of  the  total  ships,  71  percent  call  at  the  port  docks,  and  29  percent 
call  at  the  ALCOA  docks,  based  on  data  since  2001. 


Table  23.  Annual  ship  berthings  at  MSC. 


Year 

Point  Comfort  Dock 

ALCOA  Dock 

Total  Ships 

1997 

121 

1998 

136 

1999 

188 

2000 

239 

2001 

238 

98 

336 

2002 

289 

73 

362 

2003 

248 

106 

354 

2004 

274 

130 

404 

2005 

250 

138 

388 

2006 

237 

101 

338 

2007 

282 

101 

383 

Average  2001-2007 

259.7  (71%) 

106.7  (29%) 

366 
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In  addition  to  the  annual  data,  the  port  and  ALCOA  provided  data  on 
individual  ship  transits  for  5  months,  from  1  August  to  31  December  2007. 
During  this  5-month  (153  days)  period,  315  ship  transits  occurred  or  an 
average  of  2.06  ship  transits/day  for  the  port  and  ALCOA  docking  ships. 
Table  24  shows  the  observed  breakdown  of  ship  transits  per  day  that 
occurred  during  the  5  months.  The  Poisson  distribution  information  will 
be  discussed  subsequently. 

At  the  Point  Comfort  Dock,  ship  length  averages  500  ft,  beam  averages 
80  ft,  and  draft  averages  27  ft,  based  on  inbound  and  outbound  ships.  At 
the  ALCOA  dock,  ship  length  averages  596  ft,  beam  averages  105  ft,  and 
draft  averages  28  ft.  Based  on  both  docks  over  the  5-month  data  period, 
ship  length  is  a  maximum  of  673  ft,  beam  is  a  maximum  of  106  ft,  and 
draft  is  a  maximum  of  38  ft. 


Table  24.  Distribution  of  ship  transits  per  day  from  1  August  -  31  December 

2007. 


Ship  Transits  Per 
Day 

Number  of  Days, 
Actual 

Number  of  days,  Poisson  Distribution 
for  Mean  of  2.06  Ships  Per  Day 

0 

12 

19.5 

1 

47 

40.2 

2 

43 

41.4 

3 

33 

28.4 

4 

10 

14.6 

5 

6 

6.0 

6 

1 

2.1 

7 

1 

0.6 

Because  of  the  types  of  cargo  carried  on  MSC  ships  and  the  adverse 

current  conditions,  some  ship  sizes  are  restricted  to  daylight  transit  only. 

Daylight  restrictions  are  based  on  either: 

a.  All  ships  having  draft  within  1  ft  of  the  “current  maximum  draft”  will  be 
restricted  to  daylight  only  transits,  under  normal  conditions.  (Current 
maximum  draft  varies  but  is  generally  36  ft  except  when  channel 
shoaling  is  present  and  the  current  maximum  draft  is  reduced  to  35  ft.) 

b.  All  vessels  with  a  beam  of  102  ft  or  greater  or  a  length  of  725  ft  or 
greater  and  whose  draft  is  within  4  ft  of  the  current  maximum  draft 
shall  be  restricted  to  daylight  only  transits,  under  normal  conditions. 
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Daylight  transit  is  defined  as:  (a)  enter  or  depart  30  min  after  sunrise,  and 
(b)  enter  3  Vi  hr  prior  to  sunset  or  depart  3  hr  prior  to  sunset.  Figures  67 
and  68  show  the  variation  of  allowable  daylight  entry  and  departure  times 
throughout  the  year. 

The  daylight  restriction  rules  define  the  ships  that  the  port,  ALCOA,  and 
the  pilots  believe  to  be  the  most  likely  to  experience  navigation  difficulty. 
Those  rules  will  be  incorporated  in  the  risk  evaluation  to  differentiate 
ships.  Based  on  discussions  with  pilots,  the  daylight-restricted  ships 
should  be  further  divided  into  draft  less  than  32  ft  and  draft  greater  than 
or  equal  to  32  ft.  In  evaluating  the  ship  data  from  August  to  December,  few 
ships  were  daylight  restricted  and  draft  less  than  32  ft.  The  draft  was 
changed  to  less  than  34  ft  and  greater  than  or  equal  34  ft  and  a  few  more 
ships  were  added  to  the  lower  draft  category.  The  daylight-restricted  ships 
with  draft  less  than  34  ft  were  DRLT34  and  those  with  draft  greater  than 
34  ft  were  DRGT34.  In  addition,  any  study  evaluating  grounding  probabil¬ 
ity  during  daytime  versus  nighttime  shows  a  considerably  higher  rate 
during  the  night.  For  that  reason,  the  not  daylight  restricted  (NDR)  ships 
are  sub-classified  into  daytime  (NDRD)  and  nighttime  (NDRN)  passage. 
MSC  ships  were  classified  into  four  categories  as  shown  in  Table  25.  Each 
category  has  ships  at  one  or  both  of  the  docks. 


Figure  67.  Earliest  and  latest  entry  times  at  MSC  (note:  times  are  in  central  standard  time  and 
must  be  adjusted  for  daylight  savings  time). 
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Figure  68.  Earliest  and  latest  departure  times  at  MSC  (note:  times  are  in  central  standard 
time  and  must  be  adjusted  for  daylight  savings  time). 


Table  25.  Ship  categories  based  on  daylight  restriction  rules,  pilot  input,  and  difficulty  of 

nighttime  navigation. 


Ship  Category 

%  of  Ships  at  Port 

%  of  Ships  at  ALCOA 

%  of  all  ships  using  71%/29% 
at  Port/ALCOA 

NDR  Day 

In  =  14.61 

In  =  8.25 

In  =  12.76 

(NDRD) 

Out  =  15.73 

Out  =  49.48 

Out  =  25.52 

NDR  Night 

In  =29.78 

In  =  0 

In  =  21.14 

(NDRN) 

Out  =  30.9 

Out  =  0 

Out  =  21.94 

DRLT34 

In  =  0.56 

In  =  4.12 

In  =  1.59 

Out  =  1.69 

Out  =  1.03 

Out  =  1.50 

DRGT34 

In  =5.62 

In  =  37.11 

In  =  14.75 

Out  =  1.12 

Out  =  0 

Out  =  0.80 

Based  on  contact  with  the  pilots,  99  percent  of  ALCOA  ships  are  daylight 
restricted  because  of  either  the  daylight  restriction  rules,  gear  (cranes  and 
booms)  on  deck  that  restrict  visibility,  or  company  policy.  Because  the  goal 
herein  is  to  differentiate  ships  based  on  difficulty  of  ship  transit,  and 
because  it  is  almost  impossible  to  sort  out  which  ships  are  daylight 
restricted  based  on  cranes/boom  or  company  policy,  the  published  day¬ 
light  restriction  rules  were  applied  to  differentiate  the  ALCOA  docking 
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ships  just  as  was  done  for  the  port  docking  ships,  but  none  of  the  ALCOA 
ships  transited  at  night. 

Table  25  shows  the  four  categories  of  ships  classified  as  port  ships  or  as 
ALCOA  ships  and  inbound  versus  outbound.  The  last  column  adjusts  the 
percentage  from  each  dock  to  represent  the  long-term  average  of 
71  percent  ships  at  the  port  dock  and  29  percent  at  the  ALCOA  dock,  and 
expresses  the  result  as  the  percentage  of  all  ship  transits.  For  example, 
12.76  percent  of  all  ship  transits  on  the  MSC  enter  in  a  category  NDRD 
ship  on  an  inbound  transit.  These  four  ship  categories  and  the  inbound 
and  outbound  division  incorporate  the  fact  that  the  largest  inbound  ships 
are  generally  loaded,  and  these  same  ships  when  outbound  are  unloaded. 
The  ship  comes  in  as  category  DRGT34  or  DRLT34  and  departs  as  either 
category  NDRD  or  NDRN. 

Tidal  Current  Magnitude  in  Bottleneck  and  Safe  Current 
Guidelines.  The  primary  concern  of  the  pilots  and  the  port  is  the  strong 
longitudinal  current  present  in  the  MSC  entrance.  The  literature  was 
examined  for  safe  levels  of  longitudinal  currents  for  ship  navigation. 
PIANC  guidance  classifies  longitudinal  currents  of  3  knots  or  greater  as 
“strong,”  and  that  category  is  PIANC’s  highest  category.  Spanish  ship 
channel  guidance  from  the  Recommendation  for  Maritime  Works  shows 
4  knots  to  be  a  recommended  upper  limit.  The  USACE  (2006)  provides 
channel  width  design  guidance  for  deep  draft  navigation  as  a  function  of 
three  categories  of  maximum  current.  The  maximum  category  in  the 
USACE  guidance  is  1.5  to  3  knots.  The  MSC  has  longitudinal  currents  of 
3  knots  or  greater  about  65  percent  of  the  time.  For  this  evaluation  of  risk, 
the  velocity  in  the  bottleneck  will  be  the  parameter  that  defines  the  magni¬ 
tude  of  adverse  longitudinal  current.  Long-term  measurement  of  velocity 
in  the  bottleneck  is  not  available.  Numerical  simulations  can  provide 
detailed  information  about  specific  time  periods,  but  long-term  data  are 
needed  to  define  the  probability  of  occurrence.  Although  there  is  a  lag 
between  velocity  and  tide  difference,  velocity  through  the  bottleneck  is  a 
function  of  the  water  level  difference  between  the  gulf  and  the  bay.  Long¬ 
term  records  at  Bob  Hall  Pier  in  Corpus  Christ  are  taken  as  representative 
of  the  gulf  at  the  MSC  entrance.  The  Port  O’Connor  gage  is  the  gage  in  the 
bay  closest  to  the  MSC  entrance  and  is  taken  as  representative  of  the  bay 
for  purposes  of  determining  water  level  difference  and  velocity  in  the 
bottleneck.  Hourly  water  level  data  from  both  locations  were  obtained  for 
2005-2007  from  the  Texas  A&M  University  Division  of  Nearshore 
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Research  website  and  the  distribution  of  difference  between  the  two  gages 
is  plotted  in  Figure  69.  Also  shown  is  a  uniform  distribution  with  mean  of 
-0.14  ft  and  standard  deviation  of  0.55  ft. 


Figure  69.  Distribution  of  water  level  difference  between  Bob  Hall  Pier  and  Port  O’Connor, 

observed  and  normal  distribution. 


An  approximate  average  channel  velocity  through  the  MSC  entrance  can 
be  calculated  using  the  water  level  difference  in  Figure  69  in  the  equation 

V=Cv^Ah  (5) 


where: 

V  =  velocity  through  the  inlet  entrance 
Cv  =  empirical  velocity  coefficient 
G  =  acceleration  due  to  gravity 
Ah  =  water  level  difference 

Cv  depends  on  entrance  conditions  and  other  losses  through  the  inlet.  Cv  is 
generally  close  to,  but  less  than  1.0  and  is  specified  herein  as  0.9.  (An 
alternate  approach,  the  Manning  equation,  was  evaluated  and  yielded 
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essentially  the  same  results.)  Equation  5  gives  the  average  channel  velo¬ 
city.  Depth-averaged  velocity  at  the  center  of  the  channel  will  be  greater 
than  the  average  channel  velocity.  Surface  velocity  will  be  greater  than 
depth  averaged  velocity.  The  pilots  report  making  water  velocity  measure¬ 
ments  in  the  bottleneck  with  their  pilot  boat  as  a  float  and  using  GPS  to 
measure  the  speed.  This  technique  would  give  a  centerline  surface  velocity. 
Pilot  Larry  Robinson  reports  that  on  one  rare  occasion,  a  centerline 
surface  velocity  of  9.2  knots  was  measured.  He  said  velocities  of  6-7  knots 
are  present  and  not  rare.  Any  velocity  greater  than  5  knots  is  considered 
“strong”  by  the  MSC  pilots.  Velocities  between  3  and  5  knots  are  consid¬ 
ered  “medium.”  The  pilots  generally  report  no  significant  difficulties  with 
bottleneck  currents  when  currents  are  less  than  3  knots  that  are  classified 
as  “light.” 

PIANC  classifies  a  longitudinal  current  of  3  knots  or  greater  as  strong.  To 
be  comparable  to  the  pilots’  measurements  and  observations  of  current- 
related  navigation  problems,  the  Equation  5  average  channel  velocity  is 
multiplied  by  1.20  to  obtain  depth-averaged  velocity  near  the  channel 
center  and  then  multiplied  by  1.15  to  convert  depth-averaged  velocity  to 
surface  velocity.  This  computed  centerline  surface  velocity  is  intended  to 
be  comparable  to  the  centerline  surface  velocity  measured  by  the  pilots 
and  thus  comparable  to  their  description  of  currents  being  “light,”  “med¬ 
ium,”  and  “strong.”  Figure  70  shows  the  distribution  of  this  centerline 
surface  velocity  through  the  MSC  entrance  and  is  based  on  Equation  5,  the 
water  level  difference  data  for  2005-2007,  and  the  adjustments  for  center- 
line  surface  velocity  that  is  Cv  =  0.9  x  1.2  x  1.15  =  1.24.  Table  26  shows  the 
ranges  of  currents  based  on  pilot  input  and  percentage  of  occurrence  from 
Figure  70.  Note  that  a  light  current,  which  is  not  a  problem  according  to 
the  pilots,  occurs  about  36  percent  of  the  time.  Strong  currents  occur 
22  percent  of  the  time.  This  means  that  about  one  out  of  every  five  ships 
experiences  a  current  equal  to  or  exceeding  5  knots.  A  current  exceeding 
6  knots  occurs  8  percent  of  the  time.  Table  27  shows  the  comparisons  of 
currents  observed  by  the  pilots,  the  current  calculated  with  Equation  5, 
and  the  observed  water  level  difference  for  the  date  and  time  of  the  pilots’ 
measurement  of  current  in  the  channel. 
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Figure  70.  Centerline  surface  velocity  computed  based  upon  water  level  difference  between 
Bob  Hall  Pier  (representing  the  Gulf  of  Mexico)  and  Port  O’Connor  (representing 

Matagorda  Bay). 


Table  26.  Ranges  of  bottleneck  currents,  pilots  description,  and  percent  of  occurrence  based 
on  currents  computed  using  observed  water  level  difference. 


Current 

category 

Direction 

Magnitude  (knots) 

%  Occurrence 

Pilots  Description 

EG  5 

Ebb 

>  =  5 

15.5 

Strong 

E35 

Ebb 

>  =  3  to  <  5 

25.0 

Medium 

EL3 

Ebb 

<3 

19.5 

Light 

FL3 

Flood 

<3 

15.3 

Light 

F35 

Flood 

>  =  3  to  <  5 

18.4 

Medium 

FG5 

Flood 

>  =  5 

6.3 

Strong 
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Table  27.  Comparison  of  observed  current  by  pilots  and  computed  current  by  equation  based 
upon  observed  water  level  difference  between  Bob  Hall  Pier  and  Port  O’Connor. 


Inbound/ 

Flood  or 

Observed 

Current 

Bob  Hall  Pier 

Port  O'Connor 

Difference, 

Computed 

Date 

Pilot 

Outbound 

Ebb  Tide 

Current, 

Description 

Water  Level, 

Water  Level, 

ft 

Current, 

Ship 

knots 

ft  MSL 

ft  MSL 

knots 

1/9/05  17:30 

Robinson 

Out 

Flood 

4.7 

Strong 

1.02 

0.12 

0.9 

5.6 

4/25/08  15:30 

Robinson 

In 

Flood 

2.0 

Light 

1 

1.13 

-0.13 

-2.1 

4/26/08  10:00 

Robinson 

Out 

Flood 

6.0 

Strong 

1.7 

0.25 

1.45 

7.1 

4/26/08  15:00 

Robinson 

In 

Flood 

2.0 

Light 

1.23 

0.86 

0.37 

3.6 

4/27/08  8:00 

Robinson 

In 

Flood 

4.0 

Medium 

0.79 

0.29 

0.5 

4.2 

4/28/08  7:00 

Robinson 

In 

Flood 

4.0 

Medium 

0.46 

-0.25 

0.71 

5.0 

4/28/08  18:00 

Robinson 

Out 

Slack 

0.0 

Light 

0.54 

0.57 

-0.03 

-1.0 

4/29/08  18:00 

Robinson 

Out 

Flood 

2.0 

Light 

0.37 

0.46 

-0.09 

-1.8 

5/3/08  15:00 

Robinson 

In 

Flood 

4.0 

Medium 

0.23 

0.6 

-0.37 

-3.6 

5/6/08  2:15 

Robinson 

Out 

Flood 

5.0 

Strong 

0.75 

0.12 

0.63 

4.7 

5/6/08  2:45 

Robinson 

In 

Flood 

6.0 

Strong 

1 

0.17 

0.83 

5.4 

6/4/08  12:00 

Robinson 

In 

Flood 

3.5 

Medium 

0.86 

0.91 

-0.05 

-1.3 

6/5/08  1 1 :00 

Robinson 

In 

Flood 

4.5 

Medium 

1.24 

1.11 

0.13 

2.1 

6/5/08  21:00 

Robinson 

Out 

Ebb 

-3.0 

Medium 

-1.05 

0.59 

-1.64 

-7.6 

6/8/08  14:00 

Robinson 

In 

Flood 

3.0 

Medium 

0.8 

0.96 

-0.16 

-2.4 

6/9/08  16:30 

Robinson 

Out 

Ebb 

-1.0 

Light 

0.47 

0.78 

-0.31 

-3.3 

6/9/08  19:30 

Robinson 

In 

Ebb 

-3.0 

Medium 

0.58 

0.7 

-0.12 

-2.0 

6/10/08  2:20 

Robinson 

Out 

Ebb 

-4.0 

Medium 

-0.06 

0.38 

-0.44 

-3.9 

6/11/08  9:30 

Robinson 

Out 

Flood 

1.0 

Light 

0.39 

0.37 

0.02 

0.8 

6/11/08  11:45 

Robinson 

In 

Flood 

2.0 

Light 

0.38 

0.39 

-0.01 

-0.6 

6/16/08  11:45 

Robinson 

Out 

Flood 

1.0 

Light 

0.94 

0.69 

0.25 

3.0 

6/18/08  18:45 

Robinson 

Out 

Ebb 

-3.0 

Medium 

-0.8 

-0.02 

-0.78 

-5.2 

6/18/08  20:00 

Robinson 

In 

Ebb 

-4.8 

Medium 

-0.96 

-0.13 

-0.83 

-5.4 

6/21/08  20:30 

Robinson 

Out 

Ebb 

-3.1 

Medium 

-0.66 

0.19 

-0.85 

-5.4 

6/22/08  10:30 

Robinson 

In 

Flood 

3.4 

Medium 

0.67 

0.35 

0.32 

3.3 

6/22/08  18:30 

Robinson 

Out 

Slack 

0.0 

None 

0.17 

0.43 

-0.26 

-3.0 

6/23/08  7:15 

Robinson 

In 

Flood 

3.3 

Medium 

0.46 

0.02 

0.44 

3.9 

6/24/08  1 1 :35 

Robinson 

Out 

Flood 

3.5 

Medium 

0.37 

0.33 

0.04 

1.2 

6/25/08  22:40 

Robinson 

Out 

Ebb 

-1.0 

Light 

0.2 

0.25 

-0.05 

-1.3 

6/26/08  17:25 

Robinson 

Out 

Ebb 

-1.0 

Light 

-0.04 

0.37 

-0.41 

-3.8 

7/1/08  18:40 

Robinson 

Out 

Ebb 

-4.0 

Medium 

-1.2 

0.12 

-1.32 

-6.8 

7/2/08  10:10 

Robinson 

Out 

Flood 

3.8 

Medium 

1.24 

0.89 

0.35 

3.5 

8/6/08  8:00 

Adrian 

In 

Slack 

0.0 

None 

-0.01 

0.09 

-0.1 

-1.9 

8/6/08  18:00 

Adrian 

Out 

Slack 

0.0 

None 

-0.22 

-0.25 

0.03 

1.0 

8/7/08  0:30 

Adrian 

In 

Flood 

2.0 

Light 

0.19 

0.21 

-0.02 

-0.8 

8/29/08  1 1 :00 

Adrian 

Out 

Flood 

3.5 

Medium 

0.44 

0.45 

-0.01 

-0.6 

9/2/08  19:15 

Adrian 

In 

Flood 

4.0 

Strong 

0.59 

0.12 

0.47 

4.0 

9/3/08  9:00 

Adrian 

In 

Ebb 

-4.0 

Medium 

0.14 

0.85 

-0.71 

-5.0 

9/4/08  15:40 

Adrian 

Out 

Ebb 

-2.0 

Light 

0.49 

0.23 

0.26 

3.0 

9/4/08  16:30 

Adrian 

In 

Ebb 

-2.0 

Light 

0.6 

0.23 

0.37 

3.6 

9/5/08  10:15 

Adrian 

In 

Ebb 

-2.5 

Medium 

-0.07 

0.63 

-0.7 

-4.9 

9/5/08  18:00 

Adrian 

Out 

Flood 

2.0 

Light 

0.45 

0.16 

0.29 

3.2 

9/6/08  8:00 

Adrian 

Out 

Ebb 

-2.0 

Light 

0.7 

1.03 

-0.33 

-3.4 

9/26/08  8:30 

Adrian 

In 

Flood 

2.0 

Light 

1.48 

1.47 

0.01 

0.6 

9/26/08  18:00 

Adrian 

Out 

Ebb 

-4.0 

Medium 

0.57 

1.03 

-0.46 

-4.0 

9/27/08  9:00 

Adrian 

Out 

Slack 

0.0 

None 

0.67 

0.96 

-0.29 

-3.2 

9/27/08  9:30 

Adrian 

In 

Slack 

0.0 

None 

0.67 

0.9 

-0.23 

-2.8 

9/28/08  13:00 

Adrian 

Out 

Flood 

2.0 

Light 

0.77 

0.45 

0.32 

3.3 

9/29/08  8:00 

Adrian 

In 

Ebb 

-3.0 

Medium 

0.21 

0.53 

-0.32 

-3.3 

Visibility.  Visibility  is  also  a  factor  in  many  navigation  studies.  Visibility 
data  were  obtained  from  the  National  Oceanic  and  Atmospheric  Adminis¬ 
tration  (NOAA)  National  Climatic  Data  Center.  The  evaluation  of  visibility 
was  based  on  2005-2007  for  Port  Lavaca,  Corpus  Christi  Naval  Air  Station 
(NAS),  and  Rockport  Aransas  County.  An  attempt  was  made  to  find 
visibility  information  on  the  coast  and  close  to  the  MSC,  but  no  data  were 
available  at  Port  O’Connor.  The  Port  Lavaca  station  is  well  inland  of  the 
MSC  and  may  not  be  representative.  The  Corpus  Christi  NAS  station  is 
closer  to  the  coastline,  but  relatively  far  from  the  MSC.  The  Rockport 
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Aransas  County  data  was  considered  to  be  most  representative  of 
conditions  at  the  MSC  entrance. 

A  previous  navigation  study  (Uluscu  et  al.  2008)  broke  down  visibility  into 
<  0.5  mile,  0.5  to  <  1  mile,  and  1  mile  and  greater.  Another  study  used 
2  km  (=  1.25  miles)  as  the  dividing  line  between  poor  and  good  visibility. 
Pilot  Larry  Robinson  stated  that  on  outbound  ships,  the  pilots  want  1  mile 
of  visibility  for  good  conditions.  For  inbound  ships  meeting  an  adverse 
current,  they  want  3  miles  for  good  conditions,  but  sometime  have  to  enter 
with  less.  Table  28  provides  a  breakdown  of  the  visibility  data  based  on  the 
1  and  3  mile  limits.  The  percentages  are  based  on  the  number  of  hours 
during  the  year. 


Table  28.  Distribution  of  visibility  for  2005  through  2007. 


Visibility  (miles) 

%  Port  Lavaca 
722209 

%  Corpus  Christi  NAS 
722515 

%  Rockport  Aransas  Co. 
722524 

<  =  1 

0.9 

0.9 

2.0 

<  =  3 

4.0 

4.3 

5.7 

The  pilots  state  that  the  visibility  problems  vary  throughout  the  year  and 
are  worse  in  January  through  March,  a  time  period  when  weather  fronts 
out  of  the  north  are  common.  The  hourly  data  for  2005  to  2007  were 
broken  down  into  monthly  percentages,  as  shown  in  Table  29.  The  data 
show  a  trend  consistent  with  the  pilots’  observations.  December  through 
February  are  months  with  the  lowest  visibility,  with  May  through  October 
being  months  with  relatively  high  visibility. 

The  pilots  also  state  that  when  visibility  is  low,  the  transit  is  often  delayed 
until  conditions  improve.  They  state  that  the  most  significant  visibility 
problems  occur  if  visibility  deteriorates  after  a  transit  has  begun.  Under 
this  circumstance,  the  pilot  generally  has  no  choice  but  to  continue  the 
transit.  A  transit  on  the  MSC  requires  about  3  hr.  The  database  was 
searched  for  the  number  of  hours  that  had  good  visibility  followed  by  low 
visibility  within  the  next  3  hr  to  represent  a  ship  beginning  a  transit  in 
good  visibility  and  then  experiencing  unacceptable  visibility.  The  monthly 
breakdown  of  declining  visibility  cases  is  shown  in  Table  30.  As  in  the 
visibility  data,  December  through  February  are  months  with  the  greatest 
percentage  of  declining  visibility  during  a  ship  transit. 
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Table  29.  Visibility  data  broken  down  by  month. 


Month 

Total  Hourly 
Observations 
During  Month 

Number  of 
Observation 
(<  =  1  mile) 

%  of  Monthly 
Hourly 

Observations 
(<  =  1  mile) 

Number  of 
Observations 
(<  =  3  mile) 

%  of  Monthly 
Hourly 

Observations 
(<  =  3  mile) 

l 

2268 

ill 

4.89 

322 

14.20 

2 

2058 

140 

6.80 

322 

15.65 

3 

2231 

25 

1.12 

108 

4.84 

4 

2098 

12 

0.57 

78 

3.72 

5 

2228 

3 

0.13 

36 

1.62 

6 

2191 

7 

0.32 

27 

1.23 

7 

2192 

26 

1.19 

89 

4.06 

8 

2236 

17 

0.76 

41 

1.83 

9 

2123 

8 

0.38 

41 

1.93 

10 

2229 

14 

0.63 

57 

2.56 

11 

2156 

66 

3.06 

143 

6.63 

12 

2284 

107 

4.68 

231 

10.11 

Table  30.  Decline  of  visibility  data  broken  down  by  month.  Conditions  where  visibility 
is  adequate  but  declines  to  inadequate  sometime  during  the  following  3  hr  that 
represents  transit  time  of  ship. 


Month 

Total  Hourly 
Observations 
During  Month 

Number  of 
Observation 
(<  =  1  mile) 

%  of  Monthly 
Hourly 

Observations 
(<  =  1  mile) 

Number  of 
Observations 
(<  =  3  mile) 

%  of  Monthly 
Hourly 

Observations 
(<  =  3  mile) 

1 

2268 

105 

4.63 

214 

9.44 

2 

2058 

94 

4.57 

152 

7.39 

3 

2231 

43 

1.93 

115 

5.15 

4 

2098 

21 

1.00 

84 

4.00 

5 

2228 

9 

0.40 

51 

2.29 

6 

2191 

18 

0.82 

36 

1.64 

7 

2192 

51 

2.33 

103 

4.70 

8 

2236 

10 

0.45 

53 

2.37 

9 

2123 

15 

0.71 

57 

2.68 

10 

2229 

24 

1.08 

61 

2.74 

11 

2156 

61 

2.83 

114 

5.29 

12 

2284 

102 

4.47 

140 

6.13 

Average 

- 

- 

2.1 

- 

4.5 

ERDC  TR-11-8 


112 


Cross  current  at  gulf  entrance  to  jetties.  A  cross  current  at  the  gulf 
entrance  to  the  jetties  has  been  reported  by  the  pilots  as  being  significant 
on  a  frequent  basis.  The  PIANC  navigation  guidance  states  that  a  cross 
current  of  <  0.2  knots  is  negligible,  o. 2-0.5  knots  low,  0.5-1.5  knots  mode¬ 
rate,  and  1.5-2. o  knots  strong.  No  category  is  given  for  a  cross  current 
velocity  exceeding  2  knots.  It  may  also  be  significant  that  the  PIANC  guid¬ 
ance  is  for  a  cross  current  over  the  entire  length  of  the  ship,  whereas  the 
problems  with  a  cross  current  at  the  MSC  entrance  is  because  the  bow  of 
the  entering  ship  is  not  exposed  to  such  a  current  whereas  the  stern  of  the 
ship  is  exposed.  The  cross  current  at  the  MSC  entrance  is  caused  by  wind 
stress  that  generates  a  current  in  the  same  direction  as  the  wind  and  the 
longshore  current  from  waves  breaking  at  an  angle  to  the  shoreline.  The 
wind  stress  current  is  dependent  on  the  local  winds.  A  rule  of  thumb  is 
that  the  wind  stress  current  speed  is  3  percent  of  the  wind  speed  for  a  fully 
developed  flow  on  a  large  water  of  body. 

An  analysis  was  done  to  determine  which  of  these  two  mechanisms  (wind 
or  waves)  was  responsible  for  the  cross  current  at  the  entrance  to  the  MSC 
as  calculated  from  simulations  with  the  CMS.  Table  31  summarizes  the 
results  for  three  locations  just  gulfward  of  the  ends  of  the  jetties.  Based  on 
the  chosen  wind  and  wave  conditions,  the  cross  current  at  the  MSC  entr¬ 
ance  is  primarily  caused  by  the  wind  stress.  The  waves  only  added  at  most 
about  10  percent  to  the  wind  stress  speed.  The  peak  current  of  0.58  knots 
is  just  barely  in  the  PIANC  category  of  moderate.  Because  local  wind  is 
responsible  for  the  wind  stress  current  and  wind  stress  current  is  the 
dominant  factor  at  the  MSC  entrance,  the  wind  data  at  Port  O’Connor  were 
analyzed  to  define  the  probability  of  the  cross  current  at  the  MSC.  The 
3  percent  rule  was  applied  together  with  the  component  of  the  wind  that 
was  parallel  to  the  shoreline.  The  values  for  down-shore  current  (toward 
the  southwest)  were  adjusted  by  a  factor  of  1.2  to  agree  with  the  CMS  runs. 
The  values  for  up-shore  currents  (toward  the  northeast)  were  adjusted  by 
a  factor  of  0.97  to  agree  with  the  CMS  runs.  Both  down-shore  and  up- 
shore  velocities  were  increased  by  10  percent  to  account  for  the  small 
addition  from  longshore  current  by  obliquely  incident  breaking  waves. 
Based  on  the  Port  O’Connor  winds  for  2007,  the  distribution  of  cross 
current  was  determined  as  shown  in  Figure  71.  Note  that  only  about 
8  percent  of  all  currents  are  greater  than  the  PIANC  threshold  for  mode¬ 
rate.  Also  note  that  two-thirds  of  all  cross-shore  currents  are  directed 
toward  the  southwest  and  that  only  0.1  percent  of  all  currents  exceed 
0.5  knots  and  are  toward  the  northeast. 
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The  pilots  have  stated  that  strong  currents  toward  the  northeast  are 
infrequent.  Pilot  Larry  Robinson  was  asked  to  estimate  the  percent  of  time 
that  the  cross  current  was  light,  medium,  and  strong.  He  estimated  that 
the  light  category  corresponds  to  a  crab  angle  of  less  than  3  deg  and  occurs 
40  percent  of  the  time.  Moderate  cross  currents  correspond  to  crab  angles 
of  3  deg  to  less  than  8  deg  and  occur  35  percent  of  the  time.  Strong  cross 
currents  correspond  to  crab  angles  of  8  to  12  deg  and  occur  20  percent  of 
the  time.  For  5  percent  of  the  time,  the  cross  current  is  so  severe  that  a 
crab  angle  of  12  deg  cannot  be  maintained,  and  the  ship  is  held  outside 
until  the  cross  current  strength  subsides.  It  is  difficult  to  reconcile  the 
published  guidelines  for  cross  currents,  the  computed  cross  currents,  and 
the  pilots’  observations.  One  possibility  is  that  the  flow  in  and  out  of  the 
inlet  is  not  uniform  across  the  width  of  the  inlet  and  this  contributes  to  the 
cross  current  effect.  The  bathymetry  shown  in  Figure  64  suggests  a  non- 
uniform  current.  Non-uniformity  of  the  current  on  an  ebb  tide  can  result 


Table  31.  Cross  currents  at  MSC  (note  that  shoreline  is  at  an  azimuth  of  about  60  deg). 


Condition 

Wind  and/or  Wave 

Current  (knots) 

sta  1 

sta  2 

sta  3 

Waves  only 

2-m,  8  sec  from  east  (90  deg) 

0.19 

0.18 

0.08 

1-m,  6  sec  from  east  (90  deg) 

0.02 

0.0 

0.0 

1-m,  6  sec  from  south  (180  deg) 

0.06 

0.02 

0.0 

Wind  only 

10  knot  from  60  deg 

0.23 

0.21 

0.21 

10  knot  from  105  deg 

0.18 

0.18 

0.19 

10  knot  from  195  deg 

0.18 

0.16 

0.16 

10  knot  from  240  deg 

0.16 

0.14 

0.16 

20  knot  from  60  deg 

0.54 

0.45 

0.47 

20  knot  from  105  deg 

0.51 

0.45 

0.45 

20  knot  from  195  deg 

0.41 

0.37 

0.29 

20  knot  from  240  deg 

0.43 

0.39 

0.35 

Wind  and 

waves 

20  knot  from  60  deg  and  2-m, 

8  sec  from  east  (90  deg) 

0.58 

0.45 

0.49 

20  knot  from  105  deg  and  2  m, 

8  sec  from  east  (90  deg) 

0.53 

0.45 

0.47 

20  knot  from  195  deg  and  1  m, 

6  sec  from  south  (180  deg) 

0.43 

0.37 

0.29 

20  knot  from  240  deg  and  1  m, 

6  sec  from  south  (180  deg) 

0.43 

0.39 

0.35 
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from  the  expansion  of  the  bottleneck  to  the  jetties.  As  a  general  rule,  any 
abrupt  expansion  will  result  in  currents  favoring  one  side  of  the  channel  or 
the  other.  A  current  concentrated  on  one  side  of  the  jetty  entrance  would 
have  an  effect  similar  to  a  cross  current  driven  by  wind  along  the  shore. 

For  this  evaluation,  cross  currents  will  be  characterized  using  the  pilots’ 
observations  and  the  percent  of  time  that  each  category  is  estimated  to 
occur  by  the  pilots. 

Expert  elicitation  of  pilots 

The  selected  probability  of  0.0007  groundings  per  ship  transit  represents 
all  ship  classes,  ship  directions,  and  environmental  conditions.  The  prob¬ 
ability  of  grounding  of  specific  ship  transits  in  the  MSC  varies  widely  based 
on  the  primary  attributes  of  magnitude  of  bottleneck  currents,  ship  class, 
day  or  night,  visibility,  ship  direction,  tide  direction,  location  along  the 
MSC  entrance  channel,  and  for  inbound  ships,  magnitude  of  the  cross 
current  at  the  jetty  entrance.  These  attributes  result  in  hundreds  of  combi¬ 
nations  of  ship  transits.  It  is  infeasible  to  sort  out  the  differences  in  groun¬ 
ding  probability  between  the  various  combinations  of  these  primary  attri¬ 
butes  by  using  a  ship  simulator,  a  physical  ship  model,  or  historical  data. 
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Two  studies  (Merrick  et  al.  2002,  Uluscu  2008)  are  the  most  notable 
examples  of  determining  the  probability  of  a  large  number  of  combin¬ 
ations  of  attributes.  Both  studies  used  expert  elicitation  to  develop  relative 
conditional  probabilities.  An  example  of  a  relative  conditional  probability 
is  that  a  ship  in  a  4-knot  longitudinal  current  is  3  times  as  likely  to  ground 
as  the  same  ship  in  a  1.5-knot  current.  Nothing  is  stated  about  the  absolute 
likelihood  of  grounding.  The  Merrick  et  al.  (2002)  risk  assessment  of  the 
PWS  did  not  have  local  historical  accident  data  delineating  all  of  the  attrib¬ 
utes  that  could  affect  risk.  They  used  expert  elicitation  to  assess  relative 
conditional  probabilities  of  the  numerous  combinations  of  attributes. 

The  study  by  Uluscu  et  al.  (2008)  also  used  expert  elicitation  to  define 
relative  conditional  probabilities  and  historical  data  to  convert  the  relative 
values  to  absolute  values  of  a  powered  grounding.  In  both  studies,  the 
experts  were  asked  about  the  likelihood  of  grounding  in  various  magni¬ 
tudes  of  currents,  winds,  visibility,  presence  of  other  ships,  reach  charact¬ 
eristics,  ship  characteristics,  etc.  The  questions  were  presented  to  the 
experts  as  pairwise  comparisons  where  only  one  attribute  is  changed  and 
the  expert  compares  one  situation  or  circumstances  (scenario)  to  the  same 
situation  with  one  change.  The  expert  answers  that  scenario  1  is  “X”  times 
as  likely  to  experience  a  grounding  as  scenario  2.  For  example,  scenario  1 
could  be  a  loaded  ship  in  3  knot  current  in  1  mile  visibility  in  reach  A. 
Scenario  2  would  be  a  loaded  ship  in  3  knot  current  in  1  mile  visibility  in 
reach  B.  Only  one  thing  was  changed  in  the  comparison,  the  reach.  The 
experts  are  asked  n(n- 1)/2  pairwise  comparisons  to  determine  relative 
conditional  probability,  where  n  is  the  number  of  attributes.  Results  of  the 
pairwise  comparisons  can  be  compiled  using  the  AHP  methodology  (Saaty 
1980)  or  a  regression  analysis  as  discussed  in  Uluscu  et  al.  (2008). 

In  the  absence  of  historical  data  on  absolute  probabilities  to  calibrate  the 
relative  conditional  probabilities,  the  relative  probabilities  can  be  used  to 
rank  the  various  combinations  of  attributes  and  assess  the  importance  of 
various  attributes. 

Expert  elicitation  of  the  available  MSC  pilots  was  used  to  determine 
relative  conditional  probabilities  of  grounding.  This  study  also  uses  a 
simulator  to  assess  the  effects  of  removal  of  the  bottleneck  as  a  means  of 
reducing  the  risks  to  navigation. 
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The  navigation  system  at  the  MSC  was  described  by  breaking  it  down  into 
various  attributes.  In  previous  risk  assessments,  accidents  have  included 
groundings,  collisions,  fire/explosion,  and  structural  hull  failure.  Because 
the  study  reach  used  herein  is  one-way  and  is  south  of  the  congestion 
north  of  the  GIWW,  collisions  are  not  considered.  Fire/explosions  and 
structural  hull  failure  are  not  caused  by  the  focus  of  this  study  that  are 
adverse  currents  in  the  bottleneck.  Only  powered  groundings,  the  accident 
most  controlled  by  an  adverse  current  at  the  MSC,  are  considered  in  this 
study. 

Based  on  the  breakdown  of  attributes  described  above,  the  pilots  were 
asked  to  compare  different  attributes  to  prioritize  the  likelihood  of  groun¬ 
ding  in  the  existing  MSC  entrance.  Three  of  the  four  MSC  pilots  were  able 
to  participate  in  the  questionnaire.  Each  pilot  was  asked  48  pairwise 
comparison  questions.  The  questions  are  compiled  in  Appendix  F. 

The  pilots’  pairwise  comparisons  of  grounding  likelihood  were  analyzed 
using  the  AHP  by  Jongbum  Kim,  contractor  to  the  ERDC  Environmental 
Laboratory.  In  assessing  relative  probability,  it  is  difficult  for  the  expert  to 
give  precise  values.  The  AHP  is  useful  guideline  for  making  pairwise 
comparison  judgments. 

An  example  matrix  of  relative  probability  is  shown  in  Table  32.  For 
example,  Attribute  A  is  3  times  more  likely  than  C,  and  C  is  1/3  of 
Attribute  A.  These  likelihoods  may  not  be  completely  consistent.  For 
example,  if  B  is  3  times  more  likely  than  Attribute  A,  and  B  is  7  times  more 
likely  than  C,  then  in  theory,  A  should  be  7/3  times  more  likely  than  C, 
rather  than  3  times  more  likely,  which  is  elicited  from  the  example.  Such 
inconsistencies  are  to  be  expected  because  the  experts;  values  or  their 
quantitative  expressions  are  often  inconsistent,  contradictory,  or  not 
sufficiently  considered  amid  many  complexities. 


Table  32.  Simple  example  of  likelihood  matrix. 


Attribute 

A 

B 

C 

A 

1 

1/3 

3 

B 

3 

1 

7 

C 

1/3 

1/7 

1 
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The  AHP  solves  for  the  probabilities  set  that  is  most  consistent  with  these 
relative  probabilities  by  a  mathematical  procedure  called  eigenvector  anal¬ 
ysis.  Although  the  AHP  has  been  the  subject  of  many  research  papers  and 
the  technique  has  been  found  to  be  both  technically  valid  and  practically 
useful,  there  are  critics  of  the  method  because  the  process  has  no  sound 
underlying  statistical  theory.  The  AHP  is  described  in  Saaty  (1980). 

The  results  of  the  AHP  analysis  of  the  pilots’  responses  is  shown  in  the  tree 
diagram  in  Figure  72.  The  breakdown  of  navigation  attributes  shown  in 
Figure  72  is  based  on  there  being  no  dependence  between  attributes.  This 
assumption  of  independence  is  an  approximation  because  there  were  not 
enough  experts  to  try  to  elicit  any  dependencies.  The  values  shown  are  the 
average  of  the  three  pilots’  responses.  The  probabilities  of  each  level  of  the 
tree  are  normalized  to  sum  =  1.0  that  is  standard  AHP  procedure.  Results 
show  that  the  probability  of  grounding  in  the  bottleneck  to  Sundown  Island 
(B-SI)  reach  in  an  inbound  ship  is  0.36/0.26  =  1.4  times  as  likely  as  the 
probability  of  grounding  in  the  B-SI  reach  in  an  outbound  ship.  Another 
example  is  that  an  inbound  ship  in  the  B-SI  reach  transiting  against  an  ebb 
current  is  0.69/0.31  =  2.2  times  as  likely  as  the  probability  of  grounding  in 
the  B-SI  reach  in  an  inbound  ship  transiting  on  a  flood  tide. 

Note  that  for  outbound  ships,  a  daylight-restricted  ship  with  draft  greater 
than  34  ft  is  0.36/0.13  =  2.8  times  as  likely  to  ground  as  a  not-daylight 
restricted  ship  transiting  during  the  daytime.  For  inbound  ships,  a  daylight- 
restricted  ship  with  draft  greater  than  34  ft  is  0.38/0.09  =  4.2  times  as  likely 
to  ground  as  a  not-daylight  restricted  ship  transiting  during  the  daytime. 

Based  on  the  pilots’  responses,  the  following  paragraphs  summarize  their 
expert  opinions.  The  pilots  clearly  stated  that  many  exceptions  exist  as  to 
how  they  answered  the  questions.  In  a  few  cases,  two  of  the  pilots  respon¬ 
ded  one  way  and  the  other  pilot  responded  the  other  way.  The  large  major¬ 
ity  of  cases  had  similar  responses  from  all  three  pilots. 

a.  The  reach  and  ship  direction  most  likely  to  experience  a  grounding 
was  an  inbound  ship  in  the  B-SI  reach.  The  next  most  likely  was  an 
outbound  ship  in  the  B-SI  reach.  The  next  most  likely  was  an 
inbound  ship  in  the  gulf  to  bottleneck  (G-B)  reach.  The  least  likely 
was  an  outbound  ship  in  the  G-B  reach.  The  worst  case  inbound 
B-SI  ship  is  twice  as  likely  to  ground  as  the  best  case  outbound  G-B 
ship,  with  all  other  factors  being  equal. 
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b.  In  all  four  reach  and  ship  direction  combinations,  a  ship  moving 
against  the  tidal  current  was  more  likely  to  ground  than  a  ship 
going  with  the  tide.  This  finding  was  the  one  part  of  the  survey  that 
generally  differs  from  other  navigation  channels  and  the  area  where 
some  differences  in  pilot  opinion  was  expressed. 

c.  In  all  four  reach  and  ship  direction  combinations,  visibility  was  the 
factor  most  likely  to  contribute  to  a  grounding.  The  pilots  pointed 
out  that  if  visibility  is  low;  they  wait  for  improvement  before  transit. 
The  problem  arises  when  they  begin  a  transit  and  visibility  becomes 
low  while  underway.  Under  these  conditions,  all  other  factors 
become  secondary,  and  that  is  why  visibility  received  such  a  high 
ranking. 

d.  In  the  only  reach  and  ship  direction  where  cross  currents  at  the 
jetty  entrance  are  a  problem,  G-B  inbound,  cross-current  magni¬ 
tude  was  the  second  most  important  factor  after  visibility.  In  the 
other  three  combinations  (G-B  out,  B-SI  in,  and  B-SI  out),  tidal 
current  magnitude  in  the  bottleneck  was  the  second  most  important 
factor  after  visibility. 

e.  For  tidal  currents  in  the  bottleneck  of  greater  than  5  knots,  groun¬ 
ding  likelihood  was  about  5  times  as  likely  to  occur  than  with 

0-3  knots  current  in  the  bottleneck. 

/.  Ship  class  was  the  least  important  attribute  compared  to  visibility 
or  tidal  current  magnitude,  but  definite  differences  exist  between 
ship  types.  For  example,  inbound  ships  that  are  daylight  restricted 
and  draft  greater  than  34  ft  are  more  than  4  times  as  likely  to 
ground  as  inbound  ships  that  are  not  daylight  restricted  that  travel 
during  daytime.  For  both  inbound  and  outbound  ships,  the 
daylight-restricted  ship  with  draft  greater  than  34  ft  is  only  slightly 
more  likely  to  ground  than  the  not-daylight  restricted  ships  trave¬ 
ling  at  night. 

The  pilots’  responses  to  the  questions  rarely  indicated  strong  differences  in 
the  pairwise  comparisons.  They  almost  always  stated  attribute  1  was 
2  to  3  times  more  significant  than  attribute  2  rather  than  saying  ratios  like 
5  times  more  significant. 
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Two  factors  from  the  expert  elicitation  of  the  pilots  were  adjusted  and 
differ  from  those  shown  in  Figure  72.  First,  the  pilots  rated  visibility  as  the 
most  important  attribute.  However,  the  pilots  rated  poor  visibility  as  being 
only  2.2  times  more  likely  to  ground  as  good  visibility.  Based  on  the  study 
by  Kite-Powell  et  al.  (1998),  the  Houston/Galveston  ship  channel  had  a 
probability  of  grounding  of  7  to  9  times  greater  in  poor  visibility  for  ships 
with  draft  <  30  ft.  For  ship  draft  >  =  30  ft,  probability  of  grounding  was 
0.5-8  times  greater  with  poor  visibility.  Based  on  Fowler  and  Sorgard 
(2000),  powered  grounding  probability  in  poor  visibility  is  3  to  6  times 
higher  than  in  good  visibility.  Therefore,  in  the  present  study,  probability 
of  grounding  for  poor  visibility  was  set  at  5  times  that  of  good  visibility. 

The  second  adjustment  of  the  expert  elicitation  is  in  the  bottleneck  current 
(BC).  The  pilots  were  provided  questions  in  the  expert  elicitation  that 
compared  bottleneck  currents  of  0-3  knots,  3-5  knots,  and  >  5  knots. 

These  ranges  were  based  on  the  pilots’  input.  The  results  of  their  responses 
showed  relative  probabilities  of  grounding  of  0-3  of  0.13,  3-5  of  0.25,  and 
>  5  of  0.62.  There  are  problems  with  this  approach  because  bottleneck 
currents  are  the  primary  focus  of  this  study.  The  main  problem  is  that 
current  magnitude  must  be  reduced  sufficiently  to  move  from  one  category 
to  another  before  a  change  in  probability  occurs.  Therefore,  for  example,  a 
bottleneck  current  of  4.9  knots  is  no  worse  than  a  current  of  3.1  knots.  The 
same  problem  is  that  once  above  5  knots,  all  current  magnitudes  produce 
the  same  result,  whereas  we  know  that  an  8  knot-current  would  be  far 
more  difficult  than  a  current  of  5  knots. 

Figure  73  shows  the  three  ranges  along  with  an  exponential  equation  that 
provides  an  estimate  of  grounding  probability  that  is  continuous  and 
avoids  the  problems  with  the  step  function.  The  exponential  equation  is: 

RP(BC)  =  0.057  exp(0.39BC)  (6) 

Based  on  the  relative  probability  in  Figure  72  for  the  individual  attributes, 
the  total  relative  probability  of  grounding  for  each  of  the  288  combin¬ 
ations  of  attributes  in  each  reach  is  computed  using 

PP(reach)=PP(reach  and  ship  direction)* PP(tide  direction)* 

[Weight(BC)  *  PP(PC)  +  Weight(SC)  *  PP(SC)  +  Weight{Vis )  *  (7) 

RPiVis )  +  Weight{CC)  *  PP(CC)] 
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Figure  73.  Exponential  function  used  for  relative  probability  of  grounding  in  bottleneck. 


In  Equation  7,  RP  =  relative  probability,  BC  =  bottleneck  current,  SC  = 
ship  class,  Vis  =  visibility,  and  CC  =  cross  currents.  Equation  7  enters  in 
the  ship-event  model  discussed  subsequently. 

Ship  event  model 

To  evaluate  risk  for  the  various  combinations  of  ship  traffic,  bottleneck 
velocity,  daylight  restriction,  and  other  attributes,  a  ship-event  model 
(SEM)  was  used  to  evaluate  the  MSC  entrance.  The  SEM  is  not  intended  to 
be  a  ship  traffic  model  intended  to  examine  individual  ship  times  or 
delays.  The  model  combines  the  relative  probabilities  of  grounding  from 
the  expert  elicitation  of  the  pilots,  in  Figure  72,  with  various  statistical 
distributions  of  longitudinal  current,  cross  current,  ship  category,  ship 
direction,  tide  direction  and  magnitude,  visibility,  etc.  Figure  74  shows  the 
percentage  of  occurrence  of  the  various  attributes  describing  the  MSC.  The 
various  steps  in  the  SEM  process  are  described  next. 
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Figure  74.  Percent  of  ships  for  each  attribute. 
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The  first  step  is  to  determine  how  many  ship  transits  occur  each  day.  To 
model  the  number  of  ships  per  day,  a  Poisson  distribution  was  evaluated 
A  Poisson  distribution  is  a  discrete  distribution  that  is  often  applied  to 
systems  with  a  large  number  of  possible  events,  each  of  which  is  rare.  It 
has  probability  defined  by: 


e-kK 


\\K 


K\ 


(8) 


where: 

K  =  integer  number  of  ships  per  day  (o,  l,  2,  3,...) 

X  =  mean  value 
Po  =  e~x 

Based  on  probabilities  from  Equation  8  and  the  duration  of  observed  data 
during  August-December  2007  (153  days),  the  computed  number  of  days 
having  K  ships  per  day  based  on  the  Poisson  distribution  is  shown  in 
Table  24  together  with  the  observed  number  of  days  having  K  ships.  The 
Poisson  distribution  provides  a  fair  approximation  of  the  ships  per  day. 
Table  33  shows  the  number  of  days  during  a  365  day  year  having  none  to 
seven  ships  per  day  based  on  an  average  of  two  ships  per  day.  The  number 
of  ship  transits  per  day  was  limited  to  seven  because  Pilot  Larry  Robinson 
said  he  had  only  seen  eight  ship  transits  in  1  day  once  in  his  career.  If  the 
program  selected  a  number  of  ships  per  day  greater  than  seven,  the  value 
was  set  equal  to  seven  as  opposed  to  sampling  again. 


Table  33.  Distribution  of  ship  transits  per  day  from  Poisson 
distribution  for  MSC  average  of  two  ships  per  day  based  on  2001- 
2007  ship  data. 


Ship  Transits  Per  Day 

Number  of  Days  During  1  year,  Poisson 
Distribution  for  Mean  of  Two  Ships  Per  Day 

0 

49.4 

1 

98.8 

2 

98.8 

3 

65.9 

4 

32.9 

5 

13.2 

6 

4.4 

7 

1.3 

ERDC  TR-11-8 


124 


After  determining  that  a  Poisson  distribution  provides  a  reasonable 
description  of  the  number  of  ships  per  day,  the  following  routine  from 
Rubinstein  (1981)  was  used  to  randomly  sample  the  Poisson  distribution 
for  each  day  of  the  year. 

C  =  exp(-1*A) 

B  =  C 
K  =  0 

rannum  =  rand(O) 

1 00  if  (rannum. le.B)  go  to  200 

C  =  C  *  (A/(K  +  1)) 

B  =  B  +  C 
K  =  K  +  1 
go  to  100 
200  continue 

output  K 

The  above  code  outputs  the  number  of  ships  per  day  for  each  day  of  the 
simulation  period  into  file  named  “shipsperday.” 

The  next  step  is  to  determine  the  ship  category  for  each  of  the  K  ships 
arriving  during  each  day.  The  four  ship  categories  are  shown  in  Table  25. 
Each  category  is  broken  into  percentage  of  inbound  and  outbound  ships. 
Sampling  the  fleet  according  to  the  percentages  shown  in  the  last  column 
of  Table  25  was  used  in  the  SEM.  This  sampling  provides  the  ship  category 
and  ship  direction.  The  number  of  inbound  or  outbound  during  any  single 
day  is  limited  to  four.  For  example,  on  a  day  with  seven  ship  transits,  four 
will  be  one  direction  and  three  will  be  the  other  direction.  On  a  day  with 
four  ship  transits,  all  four  could  be  in  one  direction,  or  three  and  one,  or 
two  and  two. 

At  this  point,  a  “shipcatdir”  file  is  generated  with  an  entry  for  the  Julian 
day,  ship  category,  and  ship  direction  for  each  of  the  K  ships  for  each  day. 
A  few  days  are  not  present  in  the  file  because  no  ships  transited  on  those 
days.  Each  entry  represents  either  an  inbound  or  outbound  transit  of  the 
channel  and  is  not  a  ship  call  representing  both  transits.  The  random 
selection  was  set  such  that  each  run  of  the  program  resulted  in  a  different 
combination  of  ships  per  day  and  a  different  number  of  total  ships  during 
the  selected  time  period. 
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For  each  ship  represented  in  the  “shipcatdir”  file,  the  next  step  is  to 
randomly  sample  a  uniform  distribution  having  a  mean  of  -0.14  ft  and 
standard  deviation  of  0.55  ft  to  determine  the  water  level  difference 
between  the  gulf  and  the  bay.  If  the  sampled  value  is  negative,  the  tide  is 
an  ebb  tide.  Positive  values  denote  flood  tide.  Through  the  absolute  value 
of  this  water  level  difference,  a  current  velocity  in  the  bottleneck  is  deter¬ 
mined  from  Equation  5. 

The  next  step  is  to  randomly  sample  for  the  strength  of  the  cross  current  at 
the  jetty  entrance  based  on  the  pilots’  estimate  of  the  percent  of  light, 
medium,  and  strong  cross  currents  at  the  entrance.  A  cross  current  was 
only  entered  for  ships  in  the  G-B  reach  for  inbound  ships. 

The  next  step  is  to  randomly  sample  for  visibility  of  high  or  low  based  on 
the  percentages  presented  previously.  The  SEM  represented  the  probab¬ 
ilities  of  visibility  declining  during  a  transit  and  varied  the  percentage  on  a 
monthly  basis. 

At  this  point,  ship  category,  ship  direction,  tidal  current  direction,  bottle¬ 
neck  velocity  magnitude,  category  of  cross  current,  and  category  of  visibi¬ 
lity  are  known.  The  next  step  is  to  determine  the  probabilities  from  the 
expert  elicitation  of  the  pilots. 

The  relative  probability  values  from  Figure  72  are  assigned  for  both  the 
G-B  reach  and  the  B-SI  reach.  The  probability  for  bottleneck  current 
RP(BC)  is  determined  from  Equation  6.  The  relative  probability  for  each 
reach  is  determined  using  Equation  7.  For  example,  consider  a  NDRD  ship 
that  is  inbound.  The  sampled  water  level  difference  is  0.293  ft  (flood  tide 
because  of  positive  sign)  and  results  in  a  bottleneck  velocity  of  3.2  knots. 
The  relative  probability  of  grounding  in  a  3.2  knot  bottleneck  current  is 
0.20.  For  this  example,  the  cross  current  is  medium  and  visibility  is  good. 
For  the  G-B  reach,  the  relative  probability  =  0.20  x  0.44  x  (0.15  x  0.20  + 
0.16  x  0.0.09  +  0.41  x  0.17  +  0.28  x  0.22)  =  0.015.  For  the  B-SI  reach  that 
does  not  have  a  cross  current  effect  at  the  jetty  entrance,  the  relative 
probability  is  0.36  x  0.31  x  (0.26  x  0.20  +  0.21  x  0.09  +  0.53  x  0.17)  = 
0.018.  Because  the  ship  must  go  through  both  reaches,  the  total  relative 
probability  for  this  ship  is  the  sum  of  the  G-B  and  B-SI  reaches  =  0.015  + 
0.018  =  0.033.  Table  34  shows  a  portion  of  the  output  file  from  the 
simulation. 
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Table  34.  Output  from  ship  event  model  (output  shown  is  the  first  part 
of  a  30-year  simulation). 


Julian  Ship 

Direct 

Tide 

WLdif 

Veloc 

Vel  RP 

Cross 

Visib 

GB  RP 

BSI  RP 

Total  RP 

1.  NDRN 

Out 

Flood 

1.5013 

7.2360 

0.9582 

Light 

High 

0.044 

0.068 

0.112 

1.  NDRD 

In 

Flood 

0.3517 

3.5024 

0.2234 

Strong 

High 

0.027 

0.019 

0.046 

2.  DR0T34 

In 

Ebb 

-0.0913 

1.7840 

0.1143 

Light 

High 

0.020 

0.050 

0.070 

2.  NDRD 

Out 

Ebb 

-0.7310 

5.0494 

0.4084 

Medium 

High 

0.014 

0.026 

0.040 

2.  DRQT34 

In 

Flood 

0.2375 

2.8782 

0.1751 

Light 

High 

0.017 

0.024 

0.041 

3.  NDRN 

In 

Flood 

0.4170 

3.8136 

0.2522 

Light 

Low 

0.041 

0.065 

0.106 

3.  NDRD 

In 

Ebb 

-1.4034 

6.9960 

0.8726 

Medium 

High 

0.031 

0.083 

0.114 

5.  NDRN 

Out 

Flood 

0.3755 

3.6191 

0.2338 

Strong 

High 

0.025 

0.033 

0.058 

5.  NDRN 

Out 

Flood 

0.5375 

4.3298 

0.3085 

Medium 

High 

0.027 

0.036 

0.063 

5.  NDRN 

Out 

Ebb 

-0.4739 

4.0657 

0.2783 

Strong 

High 

0.015 

0.025 

0.040 

6.  NDRN 

In 

Ebb 

-0.4502 

3.9627 

0.2673 

Strong 

High 

0.040 

0.058 

0.097 

6.  NDRN 

In 

Ebb 

-0.9149 

5.6489 

0.5160 

Strong 

High 

0.044 

0.074 

0.118 

7.  NDRD 

Irf 

Ebb 

-0.3345 

3.4154 

0.2159 

Light 

High  - 

0.016 

0.041 

0.058 

8.  DRLT3^ 

In 

Ebb 

-0.5393 

4.3370 

0.3093 

Strong 

High 

0.037 

0.052 

0.089 

8.  NDRN 

In 

Ebb 

-0.8329 

5.3896 

0.4664 

Light 

Low 

0.056 

0.158 

0.213 

8.  NDRN 

In 

Flood 

0.8297 

5.3795 

0.4645 

Medium 

High 

0.023 

0.032 

0.054 

9.  NDRD 

Out 

Ebb 

-0.0124 

0.6586 

0.0737 

Light 

High 

0.009 

0.014 

0.023 

9.  DRGT34 

In 

Ebb 

-0.4641 

4.0232 

0.2737 

Light 

High 

0.023 

0.060 

0.083 

9.  NDRN 

Out 

Flood 

0.1882 

2.5621 

0.1548 

Strong 

High 

0.023 

0.029 

0.052 

10.  NDRN 

In 

Ebb 

-0.6367 

4.7123 

0.3581 

Light 

Low 

0.054 

0.151 

0.205 

10.  DRGT34 

In 

Flood 

0.0750 

1.6170 

0.1071 

Medium 

High 

0.018 

0.022 

0.040 

10 .  NDRN 

Out 

Ebb 

-0.5665 

4.4449 

0.3226 

Medium 

High 

0.015 

0.027 

0.042 

12.  DRGT34 

Out 

Flood 

0.6002 

4.5753 

0.3395 

Medium 

High 

0.029 

0.039 

0.068 

12.  DRGT34 

In 

Ebb 

-0.4334 

3.8877 

0.2596 

Light 

High 

0.022 

0.059 

0.081 

13.  NDRD 

In 

Ebb 

-0.5271 

4.2875 

0.3034 

Strong 

High 

0.036 

0.047 

0.082 

13.  NDRD 

Out 

Ebb 

-0.7045 

4.9567 

0.3939 

Strong 

High 

0.014 

0.026 

0.039 

14.  NDRN 

Out 

Ebb 

-0.3604 

3.5455 

0.2272 

Medium 

High 

0.014 

0.023 

0.037 

14.  NDRN 

Out 

Ebb 

-0.0227 

0.8899 

0.0806 

Medium 

High 

0.012 

0.018 

0.030 

15.  DRGT34 

In 

Flood 

0.2519 

2.9641 

0.1811 

Light 

High 

0.017 

0.024 

0.  041 

15.  NDRD 

In 

Ebb 

-1.0690 

6.1061 

0.6167 

Strong 

High 

0.041 

0.067 

0.108 

15.  DRGT34 

In 

Flood 

0.3301 

3.3929 

0.2141 

Light 

High 

0.017 

0.025 

0.042 

15.  NDRN 

In 

Flood 

0.3954 

3.7136 

0.2426 

Strong 

High 

0.031 

0.025 

0.056 

15.  NDRN 

Out 

Ebb 

-0.1228 

2.0692 

0.1277 

Medium 

High 

0.012 

0.020 

0.032 

15.  NDRN 

Out 

Ebb 

-0.2121 

2.7199 

0.1646 

Medium 

High 

0.013 

0.021 

0.034 

17.  NDRD 

Out 

Ebb 

-0.3657 

3.5714 

0.2295 

Strong 

High 

0.011 

0.020 

0.031  . 

19.  NDRN 

In 

Flood 

0.1059 

1.9218 

0.1206 

Medium 

Low 

0.042 

0.061 

0.103 

19.  NDRN 

In 

Ebb 

-0.9777 

5.8395 

0.5558 

Light 

High 

0.027 

0.077 

0.103 

19.  NDRN 

In 

Ebb 

-0.1430 

2.2332 

0.1362 

Light 

High 

0.020 

0.049 

0.069 

20.  NDRD 

Out 

Flood 

0.0620 

1.4707 

0.1012 

Light 

Low 

0.059 

0.070 

0.129 

20.  DRLT34 

In 

Ebb 

-0.4559 

3.9875 

0.2699 

Strong 

High 

0.037 

0.049 

0.086 

21.  NDRD 

Out 

Flood 

0.5735 

4.4723 

0.3261 

Medium 

High 

0.023 

0.032 

0.055 

21.  NDRN 

In 

Ebb 

-0.5372 

4.3283 

0.3083 

Medium 

High 

0.026 

0.061 

0.087 

22.  NDRD 

In 

Flood 

0.5190 

4.2544 

0.2995 

Strong 

High 

0.028 

0.021 

0.049 

22.  NDRD 

Out 

Ebb 

-0.0695 

1.5565 

0.1046 

Medium 

High 

0.009 

0.015 

0.025 

22.  NDRD 

Out 

Ebb 

-0.0032 

0.3344 

0.0649 

Strong 

High 

0.009 

0.014 

0.023 

24.  NDRN 

In 

Ebb 

-0.4064 

3.7649 

0.2475 

Strong 

High 

0.039 

0.057 

0.096 

25.  NDRN 

In 

Ebb 

-0.9101 

5.6338 

0.5130 

Medium 

High 

0.030 

0.074 

0.103 

25.  NDRD 

Out 

Flood 

0.0216 

0.8680 

0.0800 

Strong 

High 

0.016 

0.020 

0.036 

26.  NDRN 

In 

Ebb 

-0.9245 

5.6782 

0.5219 

Strong 

Low 

0.074 

0.161 

0.235 

27.  DRLT34 

Out 

Ebb 

-1.8363 

8.0027 

1.2922 

Light 

High 

0.028 

0.058 

0.087 

27.  NDRN 

In 

Ebb 

-0.9286 

5.6908 

0.5245 

Medium 

High 

0.030 

0.075 

0.104 

27.  NDRD 

In 

Flood 

0.0616 

1.4661 

0.1010 

Strong 

High 

0.025 

0.015 

0.040 

28.  DRGT34 

In 

Flood 

1.1186 

6.2461 

0.6513 

Light 

High 

0.023 

0.038 

0.061 

28.  NDRD 

Out 

Flood 

0.3966 

3.7190 

0.2431 

Strong 

High 

0.021 

0.028 

0.049 

29.  NDRD 

Out 

Ebb 

-0.3897 

3.6864 

0.2400 

Medium 

High 

0.011 

0.020 

0.032 

29.  NDRN 

In 

Ebb 

-0.6473 

4.7512 

0.3636 

Medium 

High 

0.027 

0.064 

0.091 

31.  NDRN 

Out 

Flood 

1.1160 

6.2388 

0.6495 

Light 

High 

0.036 

0.053 

0.089 

31.  NDRN 

In 

Ebb 

-0.5105 

4.2196 

0.2955 

Light 

Low 

0.053 

0.147 

0.199 

The  calculations  were  run  for  30  years  to  examine  a  sufficiently  long 
period  to  reduce  sample  size  effects.  During  the  30-year  simulation  period, 
approximately  21,960  ships  transited  the  channel.  The  total  relative 
probability  from  all  ships  was  summed  to  determine  the  relative  probab¬ 
ility  of  grounding.  It  must  be  emphasized  that  the  SEM  provides  a  relative 
probability  value  that  is  more  valid  to  rank  risk  reduction  alternatives 
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rather  than  to  determine  how  much  risk  has  been  reduced.  The  existing 
channel  resulted  in  a  total  relative  probability  of  1,330  for  the  30  year 
period  based  on  the  average  of  seven  runs.  This  value  has  no  physical 
significance  and  only  represents  a  base  condition  against  which  all  risk 
reduction  alternatives  can  be  compared.  These  risk  reduction  alternatives 
are  presented  subsequently. 

The  SEM  was  run  for  the  30  year  simulation  period  using  the  lowest  risk 
combination  of  all  attributes,  as  shown  in  Figure  72.  The  simulation 
includes  outbound  ships,  ebb  tide,  all  NDRD  ships,  with  velocity  =  o  in  the 
bottleneck,  light  cross  current,  and  high  visibility.  The  pilots  state  that 
these  conditions  lead  to  almost  zero  chance  of  a  powered  grounding.  The 
resulting  total  relative  probability  was  494  for  the  30  year  period.  This 
relatively  high  number  for  almost  no  probability  of  grounding  reflects  the 
pilots’  reluctance  to  assign  large  differences  in  the  pairwise  comparisons. 
Consequently,  as  risk  reduction  alternatives  are  examined  subsequently, 
one  must  consider  that  the  range  of  possible  relative  probabilities  is  494  to 
1,330  and  not  o  to  1,330.  For  ease  of  comparison,  results  from  the  SEM  are 
normalized  to  the  existing  condition  equal  to  one  after  removing  the 
near-zero  probability  of  grounding  value  of  494.  The  normalized  relative 
probability  will  be  computed  from  (total  relative  probability  -  494)/(total 
relative  probability  for  existing  condition  -  494). 

Evaluation  of  risk  reduction  alternatives  using  SEM 

Non-structural  risk  reduction  techniques 

The  first  non-structural  risk-reduction  alternative  was  to  restrict  all  ships 
to  daylight  navigation.  This  alternative  was  simulated  in  the  SEM  by 
setting  the  probability  of  grounding  for  the  nighttime  ships  (NDRN)  equal 
to  the  probability  of  NDRD  ships.  Nighttime  traffic  comprises  43  percent 
of  all  ships.  It  is  recognized  that  this  approximation  does  not  consider  the 
effects  of  how  this  would  change  operation  of  the  port  and  only  addresses 
the  higher  probability  of  grounding  during  nighttime  navigation.  The 
resulting  total  relative  probability  for  day  only  navigation  was  1218  comp¬ 
ared  to  1,330  for  existing  navigation  for  the  30-year  simulation.  Based  on 
normalizing  the  existing  condition  to  1.0,  daylight  navigation  only  has  a 
normalized  value  of  (1218-494)7(1330-494)  =  0.87. 

The  next  non-structural  change  would  be  to  limit  ship  transits  to  times 
when  currents  are  less  than  or  equals  5  knots.  Note  that  the  current  being 
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referenced  is  the  surface  centerline  currents  as  considered  by  the  pilots. 
Currents  greater  than  5  knots  occur  about  22  percent  of  the  time.  This 
could  be  implemented  by  the  installation  of  a  current  meter  in  the  bottle¬ 
neck.  The  pilots  have  expressed  interest  in  such  a  current  meter.  The 
resulting  total  relative  probability  of  grounding  is  1,279  for  the  30-year 
simulation  that  is  less  effective  than  all  daytime  navigation.  Based  on 
normalizing  the  existing  condition  to  1.0,  limiting  navigation  to  times 
when  currents  are  less  than  5  knots  has  a  normalized  value  of  (1279- 
494)/(i330-494)  =  0-94- 

Structural  risk  reduction  techniques 

Background.  The  only  structural  alternatives  evaluated  were  to  widen 
the  bottleneck  channel  to  the  width  of  the  jetties  or  partially  widen  the 
channel  by  removing  only  one  side  of  the  bottleneck.  Kraus  et  al.  (2006) 
found  that  current  magnitude  was  reduced  and  the  horizontal  current 
distribution  was  more  uniform  across  the  width  of  the  channel  with  the 
bottleneck  removed.  Alternative  3  in  Kraus  et  al.  (2006)  is  the  alternative 
considered  herein  with  the  SEM  and  has  the  bottleneck  removed  on  both 
sides  of  the  channel,  with  the  bay  entrance  rounded  on  both  sides  of  the 
channel.  Without  the  bottleneck,  the  current  magnitude  is  70  percent  of 
the  bottleneck  currents  for  ebb  tide  and  80  percent  of  bottleneck  currents 
for  flood  tide,  based  on  results  from  Kraus  et  al.  (2006)  (sta  C  in 
Figures  66  and  68  was  used  in  determining  these  percentages.)  The  ship 
simulator  was  operated  by  a  pilot  to  evaluate  the  complete  removal  of  the 
bottleneck  as  well  as  partial  removal  on  each  side  of  the  channel.  The  SEM 
and  ship  simulator  evaluations  of  bottleneck  removal  are  discussed  next. 

SEM  Evaluation  of  Bottleneck  Removal.  The  only  way  to  simulate 
removal  of  the  bottleneck  in  the  SEM  is  to  reduce  the  magnitude  of  the 
current.  This  is  a  simplification  of  the  effects  of  removing  the  bottleneck, 
and  it  is  likely  that  the  effect  of  removal  of  the  bottleneck  is  defined  by 
more  than  a  reduction  in  current  magnitude.  The  increase  in  width  is  a 
significant  advantage  to  navigation  of  the  bottleneck  removal  that  is  not 
captured  by  only  considering  a  reduction  of  the  current  in  the  SEM.  Bottle¬ 
neck  current  velocities  were  reduced  by  the  70  and  80  percent  amounts 
discussed  above.  The  total  relative  probability  of  grounding  was  1,181 
compared  to  1,330  for  the  existing  condition  with  the  bottleneck.  Based  on 
normalizing  the  existing  condition  to  1.0,  removal  of  the  bottleneck  has  a 
normalized  value  of  (n8i-494)/(i330-494)  =  0.82. 
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Evaluation  of  bottleneck  removal  using  ship  simulations 

General.  As  stated  previously,  the  SEM  can  only  evaluate  the  effects  of 
reduction  of  the  magnitude  of  the  current  in  the  bottleneck.  If  the  reduc¬ 
tion  in  current  in  the  bottleneck  due  to  the  removal  of  the  bottleneck  was 
the  only  effect  on  navigation,  the  need  for  a  ship  simulator  study  would  be 
significantly  decreased.  However,  two  other  effects  are  present  that  result 
from  the  fact  that  the  discharge  through  the  entrance  will  increase  once 
the  bottleneck  is  removed  and  may  adversely  affect  navigation.  Based  on 
Alternative  3  (removal  of  the  bottleneck  to  the  width  of  the  jetties  and 
rounding  the  bay  entrance)  in  Kraus  et  al.  (2006)  using  their  Tables  21  and 
22,  mean  that  discharge  will  increase  by  11-16  percent  on  ebb  tide  and 
21-25  percent  on  flood  tide. 

The  first  of  the  two  potential  adverse  effects  is  in  the  jettied  portion  of  the 
channel.  For  an  ebb  tide,  the  increase  in  discharge  is  offset  by  channel 
scour  and  velocity  is  not  largely  affected  by  removal  of  the  bottleneck.  For 
a  flood  tide,  velocity  in  the  jettied  portion  of  the  channel  increases 
11-14  percent,  assuming  the  channel  undergoes  scour,  and  increases 
17-28  percent,  assuming  no  scour  of  the  channel  between  the  jetties.  It  is 
likely  that  removal  of  the  bottleneck  will  make  the  increase  in  flood  tide 
velocity  less  significant  because  the  pilot  has  greater  distance  in  the 
2,000-ft-wide  channel  to  realign  the  ship  compared  to  the  existing 
condition. 

The  second  factor  that  could  be  adverse  to  navigation  as  a  result  of 
increased  discharge  accompanying  removal  of  the  bottleneck  is  the  reach 
just  north  of  the  peninsula  where  the  pilots  reported  a  significant  cross 
current  in  the  existing  channel  (and  also  state  that  the  cross  current  is 
becoming  stronger  or  worse).  Although  there  are  some  problems  with  a 
cross  current  on  flood  tide,  the  primary  cross  current  problem  occurs  on 
inbound  ships  facing  an  ebb  tide.  This  area  also  has  a  course  change  and 
significant  depth  and  width  changes.  Based  on  expert  elicitation  of  the 
pilots,  this  reach  for  an  inbound  ship  and  an  ebb  tide  has  the  highest 
likelihood  of  grounding  compared  to  all  other  reach,  ship  direction  and 
tide  direction  combinations.  One  of  the  three  pilots  felt  the  flood  tide  in 
this  reach  for  an  inbound  ship  was  the  most  problematic.  Although  some 
scour  may  occur  and  reduce  the  effects  of  increased  discharge,  it  is  likely 
that  the  increased  discharge  through  the  inlet  will  result  in  increased  cross 
current  magnitude  in  the  reach  just  north  of  the  peninsula.  This  increase 
in  cross  current  with  the  proposed  risk-reduction  alternative  of  bottleneck 
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removal  must  be  evaluated  to  make  certain  one  problem  is  not  being 
traded  for  another.  The  decision  was  made  at  the  beginning  of  this  study  to 
make  this  evaluation  with  a  ship  simulator. 

Currents  were  run  using  the  2D  depth-averaged  velocity  version  of  the 
CMS  to  develop  the  velocity  field  for  input  to  the  ship  simulator.  The  ship 
simulator  is  normally  run  with  a  2D  depth-averaged  velocity.  Pilot  David 
Adrian  came  in  November  2008  to  operate  the  ship  simulator.  He  ran  only 
the  existing  condition.  For  an  inbound  ship  on  an  ebb  tide,  Pilot  Adrian 
felt  that  the  ship  simulator  was  realistic  at  the  gulf  entrance  and  in  the 
bottleneck.  Once  the  inbound  ship  arrived  just  north  of  the  peninsula,  he 
stated  that  the  cross  current  action  on  the  ship  was  not  present  or  certainly 
not  strong  enough  at  this  location. 

Our  first  concern  was  that  the  bathymetry  was  not  correct  in  this  area.  The 
pilot’s  boat  was  out  and  the  crew  was  asked  by  Pilot  Adrian  to  check  the 
depth  at  several  locations  and  provide  the  GPS  coordinates  of  each  loca¬ 
tion.  At  least  one  of  these  areas  showed  the  depth  to  be  considerably 
greater  than  that  represented  in  the  CMS  numerical  model.  This  was 
consistent  with  the  pilots’  stating  that  this  area  was  experiencing  more 
flow  in  recent  years.  Computed  velocity  vectors  were  plotted  in  this  area, 
and  Pilot  Adrian  examined  the  velocities,  concluding  that  the  angle  of  the 
current  was  not  what  they  were  experiencing  in  the  ship  channel.  The 
recommendation  was  made  that  the  Galveston  District  should  obtain  new 
bathymetry  in  this  area.  A  2-mile-wide  by  2-mile-long  rectangle  was 
mapped  where  data  was  needed.  The  rectangle  extended  2  miles  northeast 
of  the  ship  channel  and  covered  2  miles  northwest  of  the  peninsula.  The 
northwest  limit  was  just  above  the  old  GIWW.  These  data  were  received 
from  the  Galveston  District  in  the  middle  of  January  2009,  and  the  new 
CMS  simulations  were  completed  toward  the  end  of  January.  Although  the 
new  bathymetry  data  had  some  significant  changes  from  the  previous  data, 
the  newly  calculated  depth-averaged  current  was  not  significantly  different 
from  the  original  current. 

The  ERDC  study  team  re-examined  aerial  images  of  this  area.  Figure  75  is 
one  of  the  images,  taken  on  26  September  2002,  and  shows  a  trend  in 
horizontal  surface  current  that  is  consistent  with  the  observations  of  the 
pilots  and  is  not  consistent  with  the  calculated  depth-averaged  current. 
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Figure  75.  Surface  currents  on  north  side  of  peninsula  from  26  September  2002  image. 


Based  on  the  shadows  in  the  picture,  it  was  taken  during  the  morning 
when  there  was  a  moderate  ebb  tide.  Figure  76  is  another  image  showing 
surface  current  trends  consistent  with  the  pilots’  experience.  It  was  taken 
on  7  August  2003,  and  the  absence  of  shadows  suggests  that  the  photo  was 
taken  sometime  during  the  middle  of  the  day,  during  which  there  was  a 
significant  ebb  tide. 
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Figure  76.  Aerial  taken  on  7  August  2003  showing  cross  currents. 


The  study  team  proceeded  with  calculations  of  the  current  3D  mode  of  the 
CMS.  Figure  77  shows  a  schematic  of  2D  velocities  versus  3D  velocities. 
The  2D  velocities  do  not  represent  the  stronger  velocities  acting  on  the 
side  of  the  ship.  ERDC  concluded  that  the  2D  current  simulations  cannot 
address  the  complex  environment  that  exists  in  the  MSC  on  the  north  side 
of  the  peninsula  for  the  purposes  of  ship  simulation.  Therefore,  a  complete 
3D  numerical  current  simulation  of  the  study  area  was  conducted. 
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Figure  77.  Schematic  of  2D  and  3D  velocities  in  channel  cross  section  with  cross  current. 


3D  current  modeling 

The  CMS-Flow  3D  is  an  extension  to  the  vertical  in  the  water  column  of 
the  CMS  2D  calculation.  It  solves  the  horizontal  and  vertical  components 
of  motion  based  on  a  numerical  solution  to  the  Reynolds-Averaged  Navier- 
Stokes  equations  (RANS)  with  the  shallow-water  assumption  (i.e.,  hydro¬ 
static  pressure)  and  the  Boussinesq  approximation.  Both  non-cohesive 
and  cohesive  sediment  transport  can  be  represented.  The  model  can  be 
driven  by  a  larger-domain  circulation  model  through  the  boundary  input 
specification  for  the  water-surface  elevation  or  a  combination  of  water- 
surface  elevation  and  velocity. 

The  circulation  and  transport  components  of  the  model  are  expressed  in  a 
finite-volume  numerical  representation  of  the  continuity  and  momentum 
equations  for  water,  and  transport  equations  for  salinity,  and  sediment 
concentration.  It  contains  an  integrated  representation  of  sediment  trans¬ 
port  and  morphology  change  through  transport  rate  formulations,  the 
advection-diffusion  equation,  and  the  sediment  continuity  equation  for 
updating  change  in  the  bathymetry.  Bottom  or  morphology  change  is 
simulated  by  means  of  the  Exner  equation  expressing  conservation  of 
sediment  volume.  Coupling  between  the  hydrodynamics  and  sediment 
transport  occurs  in  the  suppression  of  turbulence  generation  by  vertical 
density  gradients  due  to  suspended  sediment  gradients. 

The  governing  equations  are  solved  numerically  by  means  of  a  semi- 
implicit  time-marching  method  with  explicit  differencing  in  the  horizontal 
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plane  and  implicit  differencing  in  the  vertical  direction.  A  combination  of 
finite-volume  and  finite-difference  approximations  is  used  to  represent  the 
spatial  gradients.  Discretization  of  the  model  domain  is  accomplished  by  a 
combination  of  a  rectilinear  grid  in  plan  view  and  a  sigma  grid  in  the 
vertical.  Special  differencing  methods  for  the  pressure  and  diffusion  terms 
are  applied  to  reduce  the  truncation  error  and  dissipation  that  have  been 
shown  to  be  problematic  in  sigma-grid  approaches  (Stelling  and 
van  Kester  1994;  Slordal  1997). 

The  model  presently  supports  two  options  for  setting  the  lateral  and 
vertical  mixing  coefficients.  The  first  option  consists  of  prescribed  spatially 
and  temporally  constant  values  consisting  of  one  value  for  the  horizontal 
direction  and  an  independent  value  for  the  vertical  direction.  The  second 
option  is  based  on  the  solution  to  a  one  and  one-half  equation  turbulence 
closure  scheme  based  on  a  differential  equation  for  the  turbulent  kinetic 
energy  and  an  algebraic  description  of  the  turbulent  length  scale  for  the 
vertical  mixing. 

In  the  applications  to  the  MSC  entrance,  spatially  constant  vertical  and 
lateral  mixing  coefficients  were  specified.  The  vertical  mixing  was  set  to 
0.0001  m3/sec,  which  is  in  the  lower  end  of  vertical  mixing  coefficient 
range  of  values  typically  used  in  3D  modeling.  For  lateral  mixing,  the  value 
of  2  m3/sec  was  specified.  This  value  is  representative  of  the  lateral  length 
scales  associated  with  an  inlet.  These  values  were  determined  by  a  qualit¬ 
ative  model  calibration.  They  were  systematically  increased  and  decreased 
until  a  maximum  cross-channel  flow  occurred  in  the  simulation. 

Figure  78  is  a  plot  of  the  3D  velocities  at  a  point  in  the  center  of  the  navig¬ 
ation  channel  and  just  north  of  the  peninsula  for  the  existing  channel. 

Standard  ERDC  practice  in  numerical  modeling  is  to  validate  the 
numerical  model  derived  currents  using  observed  data  to  show  that  the 
model  is  capable  of  addressing  the  problem.  The  3D  numerical  circulation 
model  used  herein  to  generate  currents  for  the  ship  simulator  study  was 
not  validated  with  observed  MSC  data.  The  numerical  model  currents  were 
only  compared  to  current  patterns  indicated  by  MSC  aerial  images  and  to 
observations  of  the  ship  pilot  while  piloting  the  ship  simulator. 
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Conversion  of  3D  current  to  2D  current  used  in  ship  simulation 

The  3D  currents  were  calculated  in  10  layers  over  the  total  depth  at  all 
locations  in  the  computational  grid.  Each  layer  had  a  thickness  of  one- 
tenth  of  the  total  depth.  The  current  was  calculated  without  the  presence 
of  a  ship.  The  currents  that  have  the  greatest  effect  on  the  ship  are  those  in 
the  layers  above  the  keel  of  the  ship.  The  drafts  of  the  ships  used  in  the 
simulator  study  were  34  ft.  The  3D  currents  were  averaged  over  all  layers 
in  the  upper  32.8  ft  (10  m)  of  the  depth  to  determine  the  effective  current 
to  specify  in  the  simulator.  If  the  depth  was  less  than  32.8  ft,  all  10  layers 
were  used  to  determine  the  average. 

Results  of  ship  simulation 

The  ERDC  Ship/Tow  Simulator  was  used  to  assess  whether  or  not  the 
partial  or  complete  removal  of  the  bottleneck  at  the  MSC  entrance  would 
have  any  navigational  effects  upon  the  handling  of  vessels  transiting  the 
entrance  channel.  The  Matagorda  Bay  Pilots  Association  participated  in 
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the  assessment.  Pilot  Joe  Bokorney  ran  the  ship  simulator  on  20-21  April 
2009.  Time  constraints  allowed  only  one  pilot  representative  to  participate 
in  the  tests.  The  pilot  made  comments  about  each  run  and  a  final  write-up 
was  completed. 

Three  ships  were  made  available  at  the  beginning  of  the  tests  for  possible 
inclusion  in  the  study.  After  initial  practice  runs  with  the  pilot,  only  one 
ship  was  found  to  be  typical  of  those  that  transit  Matagorda  Bay,  a  tanker 
with  dimensions  of  length  between  perpendiculars  =  584  ft,  beam  =  86  ft, 
and  draft  =  36  ft.  Once  the  vessel  was  decided  upon  by  the  pilot  and  ERDC 
personnel,  all  tests  were  conducted  with  the  tanker. 

The  pilot  completed  the  scenarios  shown  in  Table  35  in  random  order. 


Table  35.  Test  matrix  for  Matagorda  Bay. 


Run  Number 

Ship 

Condition 

1 

Tanker 

Existing  Ebb 

2 

Tanker 

Existing  Flood 

3 

Tanker 

North  Bottleneck  Removed  Ebb 

4 

Tanker 

North  Bottleneck  Removed  Flood 

5 

Tanker 

South  Bottleneck  Removed  Ebb 

6 

Tanker 

South  Bottleneck  Removed  Flood 

7 

Tanker 

Bottleneck  Removed  Ebb 

8 

Tanker 

Bottleneck  Removed  Flood 

These  tests  are  shown  in  Figures  79-86  as  trackplots  (processed  from 
vessel  transit  data  recorded  by  the  simulator  during  testing)  and  pilot 
comments  (written  by  the  pilot  after  each  run).  The  trackplots  are  a  static 
representation  of  the  position,  heading,  and  indirectly  (by  the  spacing  of 
the  icons  from  the  regular  time  interval  used)  the  relative  speed  of  the 
vessel  during  the  run.  It  can  be  noted  from  the  trackplots  that  the  tanker 
encroached  the  limits  of  the  Federally  defined  channel,  usually  in  the  area 
just  southeast  of  Sundown  Island.  The  ship  encroachment  is  not  indicative 
of  grounding,  but  reveals  one  of  the  sites  where  naturally  deep  water 
expands  the  area  that  pilots  can  utilize  during  their  transit. 

Figures  79  and  80  have  the  existing  bay  geometry  with  ebb  and  flood  tide 
current  magnitudes  and  direction  respectively.  Comments  by  the  pilot 
about  “13  and  14”  on  Figures  79-86  are  in  reference  to  the  red  and  green 
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navigational  aids  on  the  bay  side  of  Matagorda  Peninsula.  Although  the 
pilot  indicated  that  the  cross  current  magnitudes  were  “slightly  off,”  the 
overall  feel  was  typical  of  current  in  the  bay. 


Figures  81  and  82  show  runs  with  the  northern  side  of  the  bottleneck 
removed.  The  comments  made  by  the  pilot  state  that  the  northern  bottle¬ 
neck  removal  was  the  “worst  yet.”  In  the  words  of  the  pilot,  the  partial 
bottleneck  removal  scenarios,  Runs  3-6  shown  in  Table  35,  all  had 
“strange”  and  “unpredictable”  current  patterns  that  had  adverse  effects  on 
handling  the  ship. 


Figure  79.  Run  Number  1,  existing  ebb  condition. 
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Figure  80.  Run  Number  2,  existing  flood  condition. 


Figure  81.  Run  Number  3,  north  bottleneck  removed  condition,  ebb  tide. 
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Figure  82.  Run  Number  4,  north  bottleneck  removed  condition,  flood  tide. 


Figure  83.  Run  Number  5,  south  bottleneck  removed  condition,  ebb  tide. 
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Figure  84.  Run  Number  6,  south  bottleneck  removed  condition,  flood  tide. 


Figure  85.  Run  Number  7,  bottleneck  removed  condition,  ebb  tide. 
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The  cross  current  in  the  area  of  Sundown  Island  increased  with  the  full 
removal  of  the  bottleneck,  Figures  85  and  86;  however,  the  longitudinal 
current  in  the  bottleneck  and  jetties  decreased.  The  reduction  of  the  current 
in  the  jetties  lessened  the  impact  of  the  cross  current  upon  the  handling  of 
the  vessel  during  the  entrance  to  the  bay.  The  effect  of  increasing  the  cross 
current  in  the  bay  by  the  removal  of  the  bottleneck  did  not  make  the  passage 
at  Sundown  Island  impractical  for  the  pilot.  The  pilot’s  closing  comments  to 
sum  up  the  simulations  are  shown  in  the  following  paragraph. 

Pilot  Statement:  “The  magnitude  of  the  currents  in  and  around  the 
Matagorda  Bay  ship  channel  jetties  have  been  increasing  each  year.”  The 
PIANC  scale  of  horizontal  currents  only  goes  to  3  knots.  It  is  common  to 
encounter  3  to  5  knot  currents  in  the  MSC  jetties;  current  velocity  magni¬ 
tude  in  excess  of  7  knots  has  been  calculated  and  observed.  Studies  indi¬ 
cate  that  removing  the  bottleneck  will  reduce  the  velocity  of  the  longit¬ 
udinal  current.  Ship  traffic  is  presently  being  affected  on  occasion  in  the 
MSC  due  to  a  strong  current,  creating  safety  concerns. 

“Several  scenarios  were  run  on  the  simulator.  Removing  the  bottleneck 
decreased  the  current  between  the  jetties.  The  vessel  was  easy  to  control 


ERDC  TR-11-8 


142 


using  small  amounts  of  rudder.  Removing  the  bottleneck  did  increase  the 
cross  current  inside  the  bay  from  buoys  13  and  14  to  Sundown  Island.  As  a 
pilot,  I  would  prefer  to  have  less  current  in  the  jetty  and  bottleneck  where 
it  is  now  deep  enough  across  the  entire  width  of  the  channel  for  a  ship  to 
make  contact  with  the  rock  jetty.  The  simulator  did  not  change  the  ship 
channel  dimensions  in  the  bay  with  the  removal  of  the  bottleneck.  It 
should  be  assumed  that  the  channel  would  be  wider  from  buoys  13  and  14 
to  Sundown  Island,  which  would  make  it  easier  to  navigate  the  increased 
cross  current. 

The  worst-case  scenario  was  to  remove  only  one  side  of  the  bottleneck. 

This  created  extremely  unpredictable  currents  in  the  bottleneck  and  an 
extreme  cross  current  in  the  bay.  A  strong  current  was  encountered  for  the 
south  bottleneck,  pushing  the  vessel  to  the  south  side  as  the  current  wrap¬ 
ped  around  the  existing  bottleneck  on  the  north  side.  The  vessel  was  diffi¬ 
cult  to  steer  and  requiring  extreme  rudder.  This  must  be  taken  into  acc¬ 
ount  during  construction  of  new  jetty  project. 

In  conclusion,  my  opinion  as  a  pilot  is  to  eliminate  the  bottleneck  in  the 
MSC  jetties,  thus  reducing  the  magnitude  of  the  current.  This  would 
reduce  delays  and  increase  the  safety  of  vessels  transiting  the  channel.” 

Bathymetric  change  near  Sundown  Island  and  effects  of  Sundown 
Island  on  navigation 

A  comparison  was  made  of  bathymetry  measured  in  2004  and  2009  in  the 
bay  on  the  northeast  side  of  the  ship  channel.  The  difference  between  the 
two  surveys  in  Figure  87  shows  that  the  area  has  increased  in  depth.  This 
increase  in  depth  is  consistent  with  the  pilots’  statements  that  cross  flow  in 
this  area  has  increased.  Should  the  trend  of  increasing  depth  and  increa¬ 
sing  cross  current  continue,  navigation  in  the  existing  channel  of  the  MSC 
will  become  more  hazardous.  This  could  happen  in  conjunction  with  the 
bottleneck  currents  that  presently  are  at  their  peak  value  with  only  a  slow 
rate  of  decline  expected  in  the  future. 


ERDC  TR-11-8 


143 


As  stated  previously,  Sundown  Island  causes  a  variable  current  pattern 
where  one  part  of  the  ship  is  exposed  to  cross  currents  and  the  other  part 
of  the  ship  is  in  the  lee  of  the  island  and  is  not  subjected  to  cross  currents. 
The  varying  lateral  forces  on  the  ship  create  difficulty  for  navigation. 
Relocation  of  Sundown  Island  to  a  location  away  from  the  inlet  would 
eliminate  the  variable  current  and  likely  reduce  the  magnitude  of  cross 
currents. 
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5  Summary  and  Recommendations 

Three  factors  were  identified  and  evaluated  that  pose  a  potentially  great 
risk  of  disrupting  deep-draft  navigation  in  the  MSC  entrance.  A  summary 
and  recommendations  are  provided  for  each  of  the  three  factors. 

Flanking  of  jetties  and  slope  protection 

Flanking  of  the  jetties  and  slope  protection  from  overwash  from  hurri¬ 
canes,  high  tide,  or  strong  wind  conditions  pose  a  risk  to  the  entrance  and 
navigation.  The  flanking  at  the  MSC  Gulf  entrance  jetties  and  adjacent 
beaches  during  tropical  storms  and  the  consequences  to  the  post-storm 
navigation  were  simulated  by  the  CMS  for  a  50-year  return  period  hurri¬ 
cane.  Based  on  the  EST  and  extreme  value  analysis,  three  incident  wave 
heights  of  7.5,  8.1,  and  9.3  m  from  the  south,  east,  and  southeast  direc¬ 
tions,  respectively,  were  determined  as  input  to  drive  the  CMS  in  the  local 
navigation  channel  and  nearshore  grid.  The  numerical  simulation  was 
conducted  for  a  12-hr  storm  surge  during  which  the  water  level  increased 
from  o  to  3.5  m  (MSL)  in  the  first  4  hr  and  remained  at  the  peak  level  of 
3.5  m  for  4  hr  before  receding  gradually  to  o  m  in  the  last  4  hr  of  the 
simulation. 

The  bathymetry  calculated  at  the  end  of  a  storm  surge  simulation  served  as 
the  initial  condition  in  the  post-storm  simulation.  Post-storm  simulations 
include  a  north  jetty  breach,  a  south  jetty  breach,  and  both  a  north  and  a 
south  jetty  breach  for  two  different  weather  conditions,  one  in  a  winter 
weather  month  and  the  other  in  a  summer  weather  month  that  covered 
one  complete  spring  tidal  cycle.  The  calculated  morphology  change  and 
the  current  magnitude  from  the  post-storm  simulations  were  compared 
for  the  navigation  channel  conditions.  The  following  results  were 
obtained: 

1.  The  EST  and  extreme  value  analysis,  based  upon  the  historical  data,  shows 
that  the  50-year  return  period  hurricane  at  the  MSC  corresponds  to  a 
3.5-m  storm  surge  (Category  3)  and  a  maximum  wind  speed  of  151  mph 
(Category  4).  The  corresponding  significant  wave  height  and  direction 
generated  offshore  MSC  are  12.9  m  and  13.8  sec.  The  hurricane  wind  field 
has  a  shoreward  component  of  61  mph  that  is  effective  at  dissipating 
energy  (through  white-capping)  in  the  wave  propagation  from  deep  water 
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to  the  MSC.  The  calculated  significant  heights  for  input  to  the  CMS  in  the 
local  grid  seaward  boundary  at  the  20-m  depth  contour  are  7.5,  8.1,  and 
9.3  m  from  the  south,  east,  and  southeast  directions,  respectively. 

2.  The  CMS  shows  channel  bank  erosion  and  overwash  on  the  beaches  and 
shores  adjacent  to  the  jetties  as  a  result  of  inundation  from  the  higher 
water  level  and  breaching  at  the  landward  end  of  the  jetties  during  the 
Category  3  storm  surge.  For  hurricane  waves  from  the  south,  a  150-m- 
wide  and  3.5-m-deep  breach  occurred  at  the  landward  end  of  the  south 
jetty.  For  storm  waves  from  the  east,  a  110-m-wide  and  2.5-m-deep  breach 
occurred  at  the  north  jetty.  Sediment  (mainly  sand)  can  enter  the  MSC 
through  the  breach  under  combined  storm  wave  and  current  action. 
Because  of  the  strong  current  in  the  navigation  channel,  the  sediment  that 
enters  the  MSC  through  the  breach  tends  to  either  deposit  near  the  breach 
or  be  deposited  in  the  bayside  and  the  gulf  entrance  channel  areas. 

3.  Post-storm  simulations  show  only  local  and  minor  sediment  erosion  and 
accumulation  at  the  south  jetty  or  north  jetty  breach  area.  Because  the  flow 
rate  through  the  jetty  breach  is  minor  as  compared  to  the  discharge  in  the 
MSC,  the  influence  of  a  jetty  breach  to  the  flow  current  magnitude  in  the 
navigation  channel  is  not  of  significance  to  deep-draft  navigation. 

Scour  leading  to  slope  failures 

Another  factor  that  poses  a  risk  to  navigation  is  the  on-going  bottom  scour 
in  the  bottleneck  and  adjacent  to  the  jetty  spur  sections,  together  with 
steep  side  slopes  that  increase  the  potential  for  slope  failure.  The  side 
slopes  of  the  bottleneck  are  armored  with  riprap  of  sufficient  size,  and  the 
channel  has  not  experienced  significant  widening.  The  channel  bottom  of 
the  bottleneck  is  scouring  and  will  continue  to  do  so.  Historical  data  show 
that  the  channel  bottom  is  degrading  at  about  1  ft/year.  Scour  in  the  near 
future  will  continue  at  this  rate  because  current  velocity  through  the  inlet 
is  near  its  maximum  velocity  and  will  remain  close  to  the  maximum  for 
many  years. 

The  general  site  stratigraphy  consists  of  barrier  island  sands  overlying  a 
series  of  point  bar  deposits  of  the  Beaumont  Formation.  Characteristics  of 
the  barrier  island  sands  were  similar  for  all  borings.  The  barrier  island 
sands  extend  to  a  depth  of  between  60  and  70  ft.  These  sands  are  primarily 
clean  with  less  than  10  percent  passing  through  the  #200  sieve  in  most 
cases.  Clay  lenses  less  than  10  ft  thick  are  located  about  mid-depth  in  the 
barrier  island.  The  Beaumont  Formation  is  predominately  clays  that  are 
mostly  CH  below  a  depth  of  140  ft. 
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Most  existing  channel  slopes  have  a  factor  of  safety  slightly  greater  than 
l.o.  A  factor  of  safety  equal  to  1.0  implies  that  a  slope  is  near  instability. 
The  factor  of  safety  for  most  channel  slopes  will  decrease  to  values  less 
than  1.0  as  the  channel  increases  in  depth.  Slope  failures  that  may  gene¬ 
rate  large  earth  movements  are  judged  to  be  unlikely.  Site  observations 
indicate  that  the  width  of  a  slope  failure  is  about  3  to  4  times  the  horiz¬ 
ontal  distance  the  top  of  the  failure  surface  is  from  the  head  of  the  slope. 
The  analyses  show  that  the  critical  failure  surfaces  extend  approximately 
25  ft  into  the  slope. 

The  slope  of  the  bottleneck  bank  ranges  in  value  from  about  28  to  37  deg. 
Also,  the  friction  angle  of  the  sand  is  estimated  to  range  between  32  and 
39  deg.  The  equality  of  the  bank  slope  and  the  friction  angle  indicates  that 
the  friction  angle  for  sand  tends  to  control  the  angle  of  the  bank  slope.  The 
periodic  sloughing  of  the  slope  material  maintains  the  slope  of  the  channel 
face  at  or  slightly  below  the  angle  of  repose.  The  analyses  show  the  drained 
strength  is  more  critical  than  the  undrained  because  drained  conditions 
give  a  lower  factor  of  safety. 

The  analyses  show  that  if  the  most  likely  values  of  the  factor  of  safety 
C Fmlv )  is  much  greater  than  1.0  (e.g.,  Fmlv{o r  boring  B-i  =  1.33)  the  prob¬ 
ability  of  failure  is  less  than  1  percent.  Conversely,  if  the  factor  of  safety  is 
near  unity  (e.g.,  Fmlv  for  boring  B-3  =  1.04)  then  the  probability  of  failure 
is  much  higher,  ranging  from  33  to  93  percent.  The  probability  of  failure 
for  each  of  the  critical  sections  increases  with  depth,  which  is  consistent 
with  field  evidence.  Therefore,  this  study  concludes  that  the  frequency  of 
slope  failure  should  increase  as  the  channel  deepens. 

Slope  failures  that  may  generate  large  earth  movements  are  judged  to  be 
unlikely.  However,  analyses  show  a  slide  from  slope  instability  could  result 
in  a  slide  block  protruding  out  from  the  existing  side  slope  with  an  estim¬ 
ated  volume  of  approximately  720  to  7,400  yds. 

The  existing  channel  has  a  bulge  on  the  south  bankline  having  a  volume  of 
about  16,700  yds.  Based  on  both  velocity  patterns  as  calculated  from  the 
CMS  and  the  absence  of  comments  from  the  pilots  about  adverse  currents, 
this  bulge  does  not  cause  an  adverse  current.  The  calculated  slope  failure 
volumes  are  all  less  than  half  the  volume  of  the  existing  bulge  and  should 
not  cause  an  adverse  current.  In  addition,  none  of  the  calculated  heights  of 
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the  failed  slope  material,  when  subtracted  from  the  depth,  result  in 
channel  depths  that  approach  the  draft  of  commercial  ships. 

Another  concern  about  slope  failures  is  the  potential  for  the  channel  to 
rapidly  scour  the  bankline  after  a  slope  failure  leaves  the  bank  unpro¬ 
tected.  The  best  information  about  this  potential  problem  is  the  existing 
channel.  Past  slope  failures  and  loss  of  riprap  on  the  upper  bank  because 
of  channel  bottom  scour  have  left  the  bank  exposed  to  high  currents. 
Although  some  bank  recession  has  occurred,  the  bankline  has  not  receded 
rapidly,  and  the  stability  of  the  bottleneck  is  not  threatened.  Should  a 
slope  failure  occur  at  the  ends  of  the  bottleneck  protection,  unraveling 
from  the  end  will  likely  occur,  but  should  not  lead  to  rapid  loss  of  the 
bottleneck. 

Adverse  current 

The  port  and  pilots  have  expressed  serious  concern  about  the  strong  and 
asymmetric  current  on  the  bay  side  of  the  peninsula  and  in  the  bottleneck. 
Since  construction  of  the  inlet  in  1963,  current  velocity  through  the  inlet 
has  increased  as  the  inlet  has  enlarged.  Based  on  the  bay  volume  and 
configuration,  tide  range,  and  the  cross  sectional  area  of  the  MSC  entrance 
channel,  the  velocity  through  the  present  inlet  is  at  or  near  maximum 
velocity  for  this  inlet.  Future  scour  will  result  in  a  slight  decrease  in  the 
current  velocity  through  the  entrance.  At  the  rate  of  scour  of  1  ft/year  in 
the  existing  channel,  a  5  percent  reduction  in  current  velocity  will  require 
about  25  years  based  on  inlet  stability  analysis.  Consequently,  no  improve¬ 
ment  in  adverse  currents  in  the  existing  channel  can  be  expected  in  the 
near  future. 

The  strong  longitudinal  current  in  the  MSC  bottleneck  is  at  or  near  the  top 
of  the  list  for  approach  channels  for  deep  draft  navigation.  While  cross 
current  at  the  gulf  and  bay  sides  of  the  MSC  is  not  extreme,  the  strong 
longitudinal  current  makes  it  difficult  to  overcome  the  effects  of  the  MSC 
cross  current.  The  USCG  (2001)  conducted  a  Port  and  Waterway  Safety 
Assessment,  evaluated  more  than  28  ports  in  the  United  States,  and 
ranked  the  ports  for  various  characteristics  including  “tide  and  river 
currents”  and  “waterway  complexity.”  Port  Lavaca,  connected  to  the  Gulf 
of  Mexico  by  the  MSC,  was  rated  first  in  waterway  complexity  and  third  in 
tide  and  river  currents.  The  two  ports  rated  higher  than  Port  Lavaca  for 
tide  and  river  currents  had  either  strong  cross  current  from  tides  or  strong 
longitudinal  current  during  river  flooding  only  whereas  the  MSC  has 
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strong  longitudinal  current  with  cross  current  on  a  frequent  basis.  Ship 
channel  design  guidance  by  PIANC  classifies  longitudinal  currents  of 
greater  than  3  knots  as  “Strong”  and  does  not  have  a  higher  class.  Spanish 
ship  channel  guidance  from  Recommendation  for  Maritime  Works  shows 
4  knots  to  be  a  recommended  upper  limit.  The  USACE  (2006)  provides 
channel  width  design  guidance  for  deep  draft  navigation  as  a  function  of 
three  categories  of  maximum  current.  The  maximum  category  in  the 
USACE  guidance  is  1.5  to  3  knots.  The  longitudinal  current  in  the  bottle¬ 
neck  of  the  MSC  entrance  exceeds  3  knots  more  than  60  percent  of  the 
time  and  exceeds  5  knots  more  than  20  percent  of  the  time. 

Data  could  not  be  found  on  the  probability  of  a  powered  grounding  in  the 
MSC  entrance.  An  evaluation  of  the  literature  showed  that  other  navig¬ 
ation  channels  having  difficult  navigation  conditions  have  a  powered 
grounding  rate  of  about  0.0007  per  ship  transit  but  this  value  does  not 
account  for  the  specific  conditions  at  the  MSC,  particularly  the  strong 
longitudinal  current. 

Navigation  in  the  MSC  entrance  was  classified  into  two  reaches,  two  ship 
directions,  two  tide  directions,  visibility  (as  poor  or  good),  four  ship 
classes,  three  levels  of  cross  currents  at  the  jetties,  and  varying  bottleneck 
current  magnitudes.  Probability  of  occurrence  distributions  were  devel¬ 
oped  for  each  of  these  variables  based  on  observed  data  and  input  from  the 
ports  and  pilots.  Expert  elicitation  of  three  of  the  four  MSC  pilots  was  used 
to  determine  the  relative  likelihood  of  a  powered  grounding  for  the  various 
combinations  of  reach,  ship  direction,  tide  direction,  etc.  A  Ship  Event 
Model  (SEM)  was  developed  that  incorporated  the  probability  of  occur¬ 
rence  distributions  along  with  the  relative  grounding  probability  from  the 
expert  elicitation  of  the  pilots.  Because  of  the  lack  of  powered  grounding 
data  at  the  MSC  entrance,  the  SEM  could  only  function  as  a  relative 
comparison  of  various  risk  reduction  alternatives.  Two  non-structural  and 
one  structural  risk  reduction  alternatives  were  evaluated  and  compared  to 
the  existing  condition.  The  first  non-structural  alternative  was  that  of 
eliminating  nighttime  navigation  for  all  ships  and  resulted  in  reduced 
probability  of  grounding  compared  to  the  existing  day  and  night  navig¬ 
ation.  The  SEM  did  not  quantify  delays  and  resulting  costs  associated  with 
restricting  navigation  to  daytime  only. 

The  second  non-structural  risk  reduction  alternative  was  that  of  having 
ships  wait  until  the  bottleneck  longitudinal  current  was  less  than  5  knots. 
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The  probability  of  grounding  was  reduced,  but  not  as  much  as  for  elimin¬ 
ating  nighttime  navigation.  The  one  structural  risk  reduction  evaluated 
with  the  SEM  was  the  removal  of  the  bottleneck  to  the  same  width  and 
alignment  as  the  jetties  and  rounding  of  the  bay  side  entrance  on  each  side 
of  the  channel.  Based  on  results  compiled  by  Kraus  et  al.  (2006),  removal 
of  the  bottleneck  reduced  the  ebb  tide  longitudinal  current  to  70  percent  of 
existing  velocity  and  the  flood  tide  current  to  80  percent  of  existing  velo¬ 
city.  These  current  reductions  were  the  only  way  to  simulate  bottleneck 
removal  in  the  SEM.  The  probability  of  grounding  with  the  bottleneck 
removed  was  reduced  more  than  either  non-structural  alternative.  The 
SEM  does  not  address  some  of  the  other  navigation  benefits  of  bottleneck 
removal  such  as  the  increased  width  available  to  pilots  to  recover  from 
cross  currents  at  both  the  gulf  and  bay  entrances. 

In  addition  to  the  SEM  evaluation  of  bottleneck  removal,  a  ship  simulation 
was  also  conducted  with  one  of  the  four  MSC  pilots.  After  significant  chall¬ 
enge  in  obtaining  the  appropriate  current  for  input  to  the  simulator, 
output  from  a  3D  numerical  model  of  circulation  was  found  to  be  neces¬ 
sary  for  determining  current  patterns  described  by  the  pilots  and  observed 
in  aerial  images.  Removal  of  the  bottleneck  results  in  increased  discharge 
through  the  MSC  entrance.  One  of  the  primary  concerns  addressed  in  the 
simulator  was  whether  the  increased  discharge  would  result  in  increased 
cross  current  north  of  the  peninsula  between  Sundown  Island  and  the 
peninsula.  Based  on  input  from  the  pilot  on  the  simulator,  the  cross 
current  effects  were  increased  north  of  the  peninsula  with  the  bottleneck 
removed.  Increased  cross  current  with  the  bottleneck  removed  was  also 
seen  in  the  computed  velocity  patterns.  The  pilot  stated  that  the  reduced 
probability  of  grounding  in  the  rock  lined  channel  through  the  peninsula 
was  much  more  important  than  the  increased  probability  of  grounding  in 
the  soft  bottom  and  side  portion  of  the  channel  northwest  of  the  peninsula 
due  to  increased  cross  currents. 

Recommendations 

Based  on  the  findings  of  this  study,  flanking  of  the  jetties  and  slope 
protection  from  hurricanes  or  high  tides  has  a  minimal  risk  of  disrupting 
navigation  in  the  MSC  because  the  cross  current  through  the  breach  is 
weak  compared  to  the  longitudinal  current  in  the  navigation  channel.  This 
finding  assumes  that  any  damage  from  storms  and  high  tides  is  repaired  in 
a  reasonable  time  frame.  Slope  failures  from  the  continuing  scour  of  the 
channel  bottom  will  increase  in  frequency  and  severity,  but  cause  minimal 
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disruption  to  navigation  because  the  size  of  the  slope  failures  are  not  large 
enough  to  greatly  alter  the  current  in  the  channel  or  cause  shoaling 
problems.  This  finding  also  assumes  that  damage  from  slope  failures  is 
repaired  in  a  reasonable  time  frame.  The  increased  frequency  and 
increased  severity  of  slope  failures  will  result  in  increasing  frequency  of 
repairs  and  increased  cost  to  maintain  the  MSC  entrance. 

The  primary  risk  to  disrupting  navigation  is  ship  grounding  as  a  result  of 
human  error  in  the  strong  longitudinal  currents  in  the  rock-lined  bottle¬ 
neck  cut  through  the  peninsula.  The  strong  longitudinal  current,  along 
with  cross  current  on  the  bay  side  of  the  peninsula,  is  the  combination 
identified  by  the  pilots  as  posing  the  greatest  risk  of  a  powered  grounding. 
Based  on  observations  by  the  pilots,  the  amount  of  flow  entering  the 
channel  and  the  strength  of  the  cross  current  on  ebb  tide  between 
Sundown  Island  and  the  peninsula  has  increased  over  the  years.  Recent 
bathymetry  data  show  that  depths  are  increasing  in  this  area,  consistent 
with  the  pilots’  observations  of  increased  cross  current.  If  this  trend 
continues,  navigation  in  the  existing  MSC  from  this  factor  will  become 
more  hazardous. 

Non-structural  changes  of  daytime-only  navigation  and  limiting  navig¬ 
ation  to  current  speed  of  5  knots  or  less  can  reduce  this  risk.  A  current 
meter  installed  in  the  bottleneck  that  can  be  read  in  real-time  by  the  pilots 
and  port  would  be  required  to  implement  the  5  knot  limitation. 

The  structural  change  of  complete  removal  of  the  bottleneck  provides  the 
greatest  reduction  of  risk  to  navigation  at  the  MSC  entrance  from  strong 
longitudinal  currents.  Because  removal  of  the  bottleneck  results  in  a  cross- 
sectional  area  that  was  found  to  be  the  stable  inlet  area,  future  scour  of  the 
bottom  should  be  minimal  and  current  velocity  should  remain  constant  at 
about  70-80  percent  of  existing  velocity.  If  the  bottleneck  is  removed, 
construction  should  proceed  on  both  sides  simultaneously  because  ship 
simulation  showed  that  removal  of  one  side  only  resulted  in  a  cross 
current  worse  than  in  the  existing  channel. 

Relocation  of  Sundown  Island  should  reduce  adverse  cross  current  effects 
in  the  bay. 
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Appendix  A:  Life-Cycle  Analysis  for  Hurricane 
Data 


The  maximum  wind  speed  and  minimum  atmospheric  pressure  of  a 
hurricane  are  considered  as  extreme  values  and  expected  to  occur  in  a 
certain  number  of  observations  or  in  a  certain  period.  The  statistical 
method  to  evaluate  these  extreme  values  for  the  finite  length  data  is 
known  as  the  extreme  value  analysis  (Ochi  1990).  The  reliability  of  the 
analysis  and  computed  frequency  of  occurrence  depends  on  the  data 
fitting  to  the  asymptotic  distribution  function.  A  more  reliable  approach  is 
to  generate  a  larger  database  from  the  finite  length  data  using  the 
resampling  method  known  as  the  Empirical  Simulation  Technique  (EST). 

Distribution  of  extreme  values 

Four  asymptotic  distribution  functions  of  a  random  variable  x  are  applied 
in  the  present  study  for  the  extreme  value  analysis: 


1. 


Fisher-Tippett  Type  I 
F(x)  =  ex  pL-~a(*“b) 


(Gumbel  distribution): 

| ,  a  >  0 ,  |  x  |<  00  . 


2.  Weibull  Distribution:  F(x)  =  l-exp[-(A x)c] ,  A>0,  c>0,  x>0. 

(w-xY 

3.  Fisher-Tippet  (F.T.)  Type  III:  F (x)  =  exp - , 

v  ) 

v>0,  y>0,  x<w 

4.  Tanh-power:  F (x)  =  tanha (Px) ,a>0,  P>0,  x  >  0 


where  a,  b,c,  a,  p,  y,  X,  v,  and  w  are  constants.  According  to  the  Order 
Statistics,  if  a  total  of  N  observations  of  a  random  variable  x  is  made  and 
arranged  in  the  ascending  order  as  x1<x2<x3<-<xi<-<xN,  the 

unbiased  estimate  of  the  probability  of  x,  is  F(x-)  =  — - — . 

11  1  +  N 
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The  acceptance  of  an  asymptotic  distribution  function  is  based  on  a  data 
fitting  method  such  as  the  least-square  or  moment -generating  functions 
applied  on  the  calculated  extreme  value  probabilities. 

Storm  surge  data-fitting  and  EST  analysis 

Figure  At  shows  the  ascending-order  sample  probabilities  and  least- 
square-fit  curves  of  35  storm  surge  data  (Table  At)  for  the  Fisher-Tippett 
Type  I,  Weibull,  and  Tanh-power  functions.  The  best -fit  function  is  the 
Tanh-power  and,  therefore,  it  is  used  as  the  base  distribution  for  the  EST. 
Figure  A2  shows  the  EST  results  with  a  60-percent  confidence  interval 
(C.I.)  and  the  extrapolation  of  Fisher-Tippett  Type  I  and  Tanh-power 
functions  for  the  return  periods  between  50  and  1,000  years.  Table  A2 
presents  the  calculated  return  periods  for  the  storm  surge  between  50  and 
1,000  years. 


Figure  Al.  Storm  surge  data  and  Gumbell,  Weibull,  tanh-power  functions. 
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Table  Al.  Tropical  storm  surge  (m). 


Return 

Period  (year) 

50 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

Gumbel 

2.9 

3.7 

4.4 

4.8 

5.1 

5.3 

5.5 

5.7 

5.8 

5.9 

6.0 

tanh“  ((3jc) 

3.0 

3.8 

4.6 

5.1 

5.4 

5.7 

5.9 

6.1 

6.3 

6.4 

6.5 

EST 

3.5 

4.2 

5.0 

5.4 

5.7 

6.0 

6.1 

6.3 

6.5 

6.6 

6.7 

Figure  A2.  Storm  surge  frequencies  by  Gumbel,  tanh  power,  and  EST  with 

60  percent  C.I. 


Table  A2.  Comparison  of  measured  and  calculated  hurricane  waves. 


Hurricane 

Buoy 

Depth 

(m) 

Max  Wind 
Speed  (knot) 

Meas. 

Hs(  m) 

Meas.  Tp 
(sec) 

Comp.  Hs 
(m) 

Comp.  TP 
(sec) 

Lili  (2002) 

42001 

3246 

125 

11.2 

12.9 

11.8 

13.1 

42041 

400 

12.2 

13.8 

Claudette 

(2003) 

42019 

28 

75 

5.6 

10.0 

4.2 

7.9 

Ivan  (2004) 

42003 

3164 

120 

10.9 

12.9 

10.8 

12.6 

42039 

29 

12.1 

14.3 

42040 

29 

16.0 

16.7 

Katrina 

(2005) 

42003 

3164 

125 

10.6 

12.9 

11.8 

13.1 

42040 

29 

150 

16.9 

14.3 

16.9 

15.8 

Rita  (2005) 

42001 

3246 

125 

11.6 

13.8 

11.8 

13.1 
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Effective  storm  surge  duration 

A  simple  tropical  storm  pressure  field  model  (Myers  1954)  is: 

Pr  =P0  +{Pn  -P0)exp(-i?/r) 


where: 

p0  =  the  central  pressure 
pn  =  the  ambient  pressure 

pr  =  the  pressure  at  a  distance  r  from  the  storm  center 
R  =  the  radius  of  maximum  wind  speed  Umax 

From  the  long  wave  theory,  the  storm  surge  xr  is  proportional  to  the 
central  pressure  deficit  |  pn  —po  \ ,  therefore, 

xr  =  x-[l-exp(-f?/r)] 

where  x  is  the  maximum  surge  elevation. 

The  effective  surge  duration  for  a  storm  moving  with  speed  VF  is  defined 
as: 


Deff  (xr  /  x  >  0.95) 


2  R 
3V~f 


where  r<R/  3  as  xr/x>  0.95  .  Figures  A.3  and  A.4  show  the  storm 

surge  data  versus  the  calculated  effective  durations  and  cyclone  moving 
speeds,  respectively. 
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Figure  A3.  Storm  surge  data  and  calculated  effective  storm  surge  duration. 
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Figure  A4.  Storm  surge  data  and  cyclone  moving  speed. 
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Radius  of  maximum  wind  speed 

The  relation  of  the  radius  of  maximum  wind  speed  to  latitude  in  the  Gulf 
of  Mexico  (Neumann  1987)  developed  by  the  National  Hurricane  Center 
is: 


R( nm)  =  11.571  +  0.014487  •  Z2  -  0.00000166035  •  Ul 


where  Z  is  the  latitude  (deg),  and  t/max  is  the  maximum  wind  speed  (knots). 

Figures  A5  and  A6  show  the  storm  surge  data  versus  the  radius  of 
maximum  wind  speed  and  maximum  wind  speeds,  respectively. 
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Figure  A5.  Storm  surge  data  and  radius  of  maximum  wind  speed. 
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Figure  A6.  Storm  surge  data  and  maximum  sustained  wind  speed. 

Maximum  wind  speed  data-fitting  and  EST  analysis 

The  maximum  wind  speed  is  analyzed  for  the  10-min  average  wind.  The 
relation  between  the  10-min  average  wind  speed  and  the  l-min  average 
wind  speed  (sustained  wind  speed)  is: 

10-min  average  wind  speed  =  0.88  *  l-min  average  wind  speed 

Figure  Ay  shows  the  ascending-order  samples  and  least-square-fit  curves 
of  35  maximum  wind  speed  data  (Table  A2)  for  Fisher-Tippett  Type  I, 
Weibull,  Tanh-power,  and  Fisher-Tippett  Type  III  functions.  The  best-fit 
function  is  the  Fisher-Tippett  Type  III  and  is  used  as  the  base  function  for 
the  EST.  Figure  A8  shows  the  EST  projection  and  the  extension  of  Fisher- 
Tippett  Type  III  function  for  the  return  periods  between  50  and 
1,000  years.  The  best-fit  curve  of  Fisher  Type  III  function  indicates  an 
upper  limit  of  Umax  =  176  mph  for  the  10-min  average  wind  speed. 
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Figure  A7.  Max  wind  speeds  and  Gumbell,  Weibull,  tanh  power,  and  F.T.  Type  III  functions. 


Figure  A8.  Max  wind  speed  frequencies  by  F.T.  Type  III  and  EST  with  60  percent  C.I. 
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Central  pressure  deficit  data-fitting  and  EST  analysis 

Figure  A9  shows  the  storm  surge  data  versus  the  cyclone  central  pressure 
deficit.  Figure  A10  shows  the  ascending-order  samples  and  least-square-fit 
curves  of  35  central  pressure  deficit  data  for  Fisher-Tippett  Type  I, 
Weibull,  and  Tanh-power,  and  Fisher-Tippett  Type  III  functions.  The  best- 
fit  function  is  the  Fisher-Tippett  Type  III  and  is  used  as  the  base  function 
for  the  EST.  Figure  A10  shows  the  EST  projection  and  the  extension  of 
Fisher-Tippett  Type  III  function  for  the  return  periods  between  50  and 
1,000  years.  The  best-fit  curve  of  Fisher  Type  III  function  indicates  an 
upper  limit  of  central  pressure  deficit  pn  -  p0  =  116  mb. 
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Figure  A9.  Storm  surge  data  and  cyclone  central  pressure  deficit. 
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functions. 

Using  pn-po  =  116  mb  as  the  upper  limit  of  the  maximum  central  pressure 
deficit,  the  corresponding  upper  limit  of  the  maximum  wind  speed  can  be 
calculated  from  three  empirical  equations: 

1.  Umax  =  12.24  •  (pn  -  pQ)° 564  =179  mph  (Atlantic  Ocean  and 

Meteorological  Lab,  Hurricane  Research  Division,  for  a  moving 
hurricane). 

2.  Umax  =  8.33-  (pn  -p0)°'638  =173  mph  (present  study,  for  a 
stationary  hurricane). 

3.  Umax  =  15.66-  (pn  -pQ)°'5  =  169  mph  (Natarajan  and  Ramamurthy 
(1995);  for  the  Indian  Ocean;  Kumar  et  al.  2003). 

These  calculated  upper  limit  values  of  the  maximum  wind  speed  are 
consistent  with  the  upper  limit  value  determined  in  the  Fisher-Tippett 
Type  III  function  (Figure  A8).  Figure  A12  shows  the  plot  of  the  maximum 
wind  speed  versus  central  pressure  deficit  data  for  stationary  (remove  the 
storm  forward  speed)  and  non-stationary  cyclones. 
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Figure  All.  Central  pressure  deficit  frequencies  by  F.T.  Type  III,  and  EST  with  60  percent  C.I. 


Figure  A12.  Relation  between  central  pressure  deficit  and  maximum  wind  speed. 
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Prediction  of  hurricane  waves 

Hurricane  waves  (significant  wave  height  and  wave  period)  in  the  deep 
water  can  be  calculated  by  simple  equations  ( Shore  Protection  Manual 
1984;  Young  1988)  as: 

H=tLns.  anc|  t  =  2i7°"  =  12  tt±  <  9.8  - 
36 g  p  g  \  g  ~  \jg 

Figure  A13  shows  the  comparison  of  the  deepwater  wave  height  and  period 
relation  to  the  data  collected  by  NDBC  buoys  within  the  radius  of 
maximum  wind  of  several  major  hurricanes  that  occurred  in  recent  years 
in  the  Gulf  of  Mexico.  Table  A2  presents  the  hurricane  wave  data  from 
NDBC  with  the  maximum  wind  speed  data  from  the  National  Hurricane 
Center.  Using  the  above  equations,  the  deepwater  wave  height  and  period 
corresponding  to  the  life-cycle  maximum  wind  speed  can  be  calculated 
(Table  A3). 


Figure  A13.  Hurricane  deepwater  wave  height  and  period  relationship. 


ERDC  TR-11-8 


168 


Table  A3.  Hurricane  surge,  maximim  wind  speed,  central  pressure  deficit,  and  deepwater 

wave  life-cycle  predictions. 


Return 

Period  (year) 

50 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

Storm  Surge  (m) 

3.5 

4.2 

5.0 

5.4 

5.7 

6.0 

6.1 

6.3 

6.5 

6.6 

6.7 

Max  Wind  Speed* 
(mph) 

139 

149 

155 

158 

160 

161 

162 

163 

164 

165 

165 

Max  Wind 

Speed**  (mph) 

151 

161 

167 

170 

172 

173 

174 

175 

176 

177 

177 

Central  Pressure 
Deficit  (mb) 

95 

102 

106 

108 

109 

110 

111 

111 

111 

112 

112 

Sig.  Wave 

Height**  (m) 

12.9 

14.7 

15.8 

16.4 

16.8 

17.0 

17.1 

17.3 

17.5 

17.6 

17.7 

Dominant 

Period**  (sec) 

13.8 

14.7 

15.2 

15.5 

15.7 

15.8 

15.9 

16.0 

16.1 

16.1 

16.1 

*  Stationary  hurricanes. 

**  Moving  hurricanes  with  an  average  speed  Vf=  12  mph. 
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Appendix  B:  Summary  of  Geotechnical  Field 
and  Laboratory  Data 

Introduction 

This  summary  is  provided  in  eight  tables  corresponding  to  the  eight 
borings  performed  in  the  field  exploratory  program.  Each  table  has  15 
columns  with  columns  one  through  eight  containing  the  basic  information 
obtained  during  the  field  testing.  The  basic  data  includes  the  sample 
number,  the  depth  and  elevation  of  the  sample,  and  the  obtained  blow 
counts.  Laboratory  data  are  presented  in  columns  9  to  15.  The  complete 
field  and  laboratory  data  report  is  found  in  Rock  Engineering  and  Testing 
Laboratory  (2008). 

Standard  penetration  test  data  reduction 

Tables  Bi  through  B8  contain  data  obtained  from  the  SPTs  performed  in 
each  of  the  eight  bore  holes.  SPTs  were  performed  in  borings  B-i  to  B-8. 
The  locations  of  these  borings  are  shown  on  the  plan  view  in  Figure  36. 
Standard  engineering  practice  defines  the  SPT-N  value  as  the  sum  of  the 
blow  counts  between  the  6-  to  12-in.  interval  and  the  12-  to  18-in.  interval. 
An  adjustment  must  be  made  to  each  N-value  blow  count  to  correct  the 
value  to  that  value  which  would  be  obtained  if  the  test  were  performed  at 
an  effective  vertical  stress  of  1.0  tsf.  This  correction  allows  SPT  N-value 
blow  counts  obtained  at  different  depths  to  be  compared  on  a  one-to-one 
basis  for  the  same  material.  The  corrected  blow  count  is  termed  (Ni)6o  and 
is  shown  in  eighth  column.  The  correction  factor  Cn  depends  on  the 
vertical  effective  stress  (overburden  pressure)  and  is  determined  from  the 
chart  on  Figure  Bi.  The  (Ni)6o  blow  count  is  determined  by  multiplying  the 
SPT  N-value  blow  count  in  the  sixth  column  by  Cn.  Another  correction  is 
made  if  the  sampling  depth  is  less  than  10  ft,  as  shown  in  the  seventh 
column,  by  multiplying  the  SPT  N-value  blow  count  by  the  factor  0.75  to 
account  for  the  smaller  energy  losses  present  in  a  shorter  string  of  drilling 
rods. 


Sample  Number 


Table  Bl.  Summary  of  field  and  laboratory  data  for  boring  B-l. 

Field  Data  Laboratory  Data 

Blow  Count  Adjustments  I  ^  I  ~T  j 
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Sample  Number 

Depth,  ft 

Elevation,  ft  (MSL) 

Effective 
Overburden,  ksf 

7 

0 

0.70 

S-1 

8 

-1 

0.77 

S-2 

18 

-11 

1.54 

S-3 

28 

-21 

2.32 

S-4 

38 

-31 

3.05 
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48 

-41 
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S-6 
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68 
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S-9 
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S-16 
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-151 

10.76 
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-161 
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Table  B3.  Summary  of  field  and  labt 
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Table  B4.  Summary  of  field  and  laboratory  data  for  boring  B-4. 


|  Field  Data  j 

|  Laboratory  Data  [ 

Sample  Number 

Depth,  ft 

Elevation,  ft  (MSL) 

[  Blow  Count  Adjustments  j 

Unit  Weight,  pcf 

Moisture  Content,  % 

Liquid  Limit 

Plastic  Index 

%  Passing  #200 
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Overburden,  ksf 

C 

o 

d> 

3 

ro 

> 

z 

1- 

Q- 

c n 

Rod  Length 
Correction 

O 

to 

z 

S-1 

8 

-1 

0.80 
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Table  B5.  Summary  of  field  and  laboratory 

Field  Data 

Blow  Count  Adjustments 


Sample  Number 

Depth,  ft 

Elevation,  ft  (MSL 

Effective 
Overburden,  ksf 
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Rod  Length 
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113 

S-1 5 

118 

-113 

8.09 

0.497 

23 

23 

11 

130 

S-1 6 

128 

-123 

8.77 

0.478 

30 

30 

14 

130 

S-1 7 

138 

-133 

9.54 

0.458 

56 

56 

26 

140 

S-1 8 

148 

-143 

10.12 

0.445 

120 

S-1 9 

153 

-148 

10.41 

0.438 

120 

S-20 

158 

-153 

10.69 

0.432 

120 

S-21 

163 

-158 

10.98 

0.427 

120 

S-22 

168 

-163 

11.32 

0.420 

130 

S-23 

173 

-168 

11.66 

0.414 

25 

25 

10 

130 

S-24 

178 

-173 

11.99 

0.408 

130 

S-25 

173 

-168 

11.63 

0.415 

35 

35 

15 

135 

S-26 

188 

-183 

12.65 

0.398 

23 

23 

9 

130 

S-27 

198 

-193 

13.32 

0.387 

19 

19 

7 

130 

data  for  boring  B-5. 


Laboratory  Data 


Moisture  Content,  % 

Liquid  Limit 

Plastic  Index 

%  Passing  #200  Sieve 

Average  Su,  ksf 

Classification 

14 

1 

SP 

23 

6 

SP-SM 

21 

3 

SP 

22 

6 

SP-SM 

22 

9 

SP-SM 

SM 

17 

26 

SM 

23 

47 

31 

65 

CL 

18 

37 

22 

57 

CL 

30 

90 

77 

99 

2.30 

CH 

22 

60 

CL 

20 

44 

SM 

32 

96 

CH 

30 

72 

45 

97 

1.68 

CH 

22 

75 

CL 

20 

46 

23 

10 

SP-SM 

27 

74 

52 

98 

CH 

19 

56 

36 

99 

CH 

29 

71 

45 

99 

1.56 

CH 

25 

66 

47 

99 

2.37 

CH 

21 

53 

37 

67 

CH 

25 

95 

CH 

30 

99 

CH 

26 

99 

CL 

26 

97 

CL 
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Table  B6.  Summary  of  field  and  la 


Field  Data 


o. 
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17.25 


28 
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18 
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1.40 
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S-3 


28 


-22 
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15 


15 


15 


S-4 


38 
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2.70 


0.861 
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49 


-43 
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-52 


4.12 


0.697 


40 


40 


28 


S-7 


68 


-62 
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0.639 


52 


52 


33 


S-8 


78 


-72 


5.44 


0.606 
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88 


-82 


5.99 


0.578 


S-10 


98 


-92 


6.61 


0.550 


15 


15 


S-11 


108 


-102 


7.34 


0.522 


43 


43 


22 


S-12 


118 


-112 


7.97 


0.501 


12 


12 


S-13 


128 


-122 


8.69 


0.480 


53 


53 


25 


S-14 


138 


-132 


9.42 


0.461 


48 


48 


22 


S-15 


148 


-142 


10.14 


0.444 


S-16 


153 


-147 


10.47 


0.437 


S-17 


163 


-157 


11.15 


0.424 


S-18 


173 


-167 


11.82 


0.411 


33 


33 


14 


ERDC  TR-11-8 


Sample  Number 


Table  B7.  Summary  of  field  and  laboratory  data  for  borin 


Field  Data 


Blow  Count  Adjustments 


</> 

c 

0 

TJ 

i- 

3 

.£2 

u. 

0 

> 
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o 


0 

> 


Q. 
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C 
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a 


at 

'5 


c 
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£ 
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o 


WT 
S-1 
S-2 
S-3 
S-4 
S-5 
S-6 
S-7 
S-8 
S-9 
S-10 
S-1 1 
S-1 2 
S-1 3 
S-1 4 
S-1 5 
S-1 6 
S-1 7 
S-1 8 
S-1 9 
S-20 
S-21 
S-22 
S-23 
S-24 
S-25 


7 

8 

18 

28 

38 

48 

58 

68 

73 

78 

83 

88 

93 

103 

113 

123 

133 

143 

148 

153 

163 

168 

173 
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188 
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-1 

-2 

-12 

-22 

-32 

-42 
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-107 
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0.559 

0.530 

0.506 

0.489 

0.470 

0.453 

0.447 

0.440 

0.426 

0.420 

0.415 

0.409 

0.398 

0.388 


24 

U_ 

_8_ 

27 


81_ 

30 


48 

24 


37 

25 


25 

29 


24 

18 


!8. 

14_ 

_8_ 

27 


81 

30 


48 

24 


37 

25 


25 

29 


24 

18 


29 

_1_6_ 

_8_ 

23 


56 

19 


25 

12 


17_ 

11 


11 

12 


1° 

7 


100 

135 

130 

125 

135 

125 

140 

130 

122 

119 
125 
125 
125 
135 
130 

120 
130 
130 
123 
123 
130 
130 
120 
125 
130 
125 


19 
_15 
_1_3 
22 
29 

20 

11 

22 

28 

37 

23 

11 

1Z. 

24 
22 

li 

28 

23 

29 

29 

28 

27 

11 

11 

19 


ERDC  TR-11-8 


Sample  Number 


ERDC  TR-11-8 


178 


Figure  Bl.  Overburden  correction  factor,  CN,  to  adjust  measured  blow  counts  to  overburden 

stress  conditions  of  1.0  tsf. 
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Appendix  C:  Geotechnical  Cross-sections  for 
Analyses 

This  appendix  contains  tables  of  material  properties  used  for  the  analyses 
of  the  eight  borings  (Tables  Cl  through  C8)  and  their  associated  cross- 
sections  used  for  analysis. 


ERDC  TR-11-8 


Table  Cl.  Geotechnical  cross  section  for  Boring  B-l  and  properties  used  for  deterministic  and 

probabilistic  analyses. 


Deterministic  Analysis 

Probabilistic  Analysis 

Undrained 

Drained 

Drained 

Profile 

Unit 

Weight, 

pcf 

Shear 

Strength 

Parameters 

Friction 

Angle, 

degrees 

■ 

Profile 

Unit 

Weight, 

pcf 

Cohesion 

5 

F=37° 
c=0  psf 

8 

1  -  Sand 

130 

37 

0 

1  -  Sand 

130 

37 

0 

28 

2  -  Sand 

130 

F=37° 

37 

0 

38 

c=0  psf 

43 

3  -  Clay 

120 

F=0° 

c  =  1.9  psf 

21 

140 

2  -  Clay 

120 

21 

140 

48 

A  _  Qanrl 

130 

F=37° 

37 

0 

3  -  Sand 

130 

37 

0 

58 

«■  oa i  iu 

c=0  psf 

68 

5  -  Clay 

124 

F=0° 

22 

120 

73 

c  =  1300  psf 

78 

F=0° 

4  -  Clay 

122 

21 

135 

83 

6  -  Clay 

120 

c  =  2150 

20 

150 

88 

7  -  Sand 

125 

F=34° 
c  =  0  psf 

34 

0 

5  -  Sand 

130 

34 

0 

93 

8  -  Clay 

124 

F=0° 

24 

100 

6  -  Clay 

124 

24 

100 

98 

c=  4200  psf 

108 

9  -  Sand 

125 

F=34° 
c  =  0  psf 

34 

0 

7  -  Sand 

125 

34 

0 

118 

10  -  Clay 

125 

3600 

19 

150 

8  -  Clay 

125 

19 

150 

123 

128 

11 -Sand 

125 

F=0° 

34 

0 

9  -  Sand 

125 

34 

0 

138 

c  =  34  psf 

148 

F=0° 

c=  1670 

153 

12  -  Clay 

123 

21 

120 

158 

163 

10  -  Clay 

124 

22 

120 

168 

F=0° 

c=  3600  psf 

173 

13  -  Clay 

125 

22 

120 

178 

188 

198 

14  -  Sand 

125 

34 

34 

0 

11 -Sand 

125 

34 
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Table  C2.  Geotechnical  cross  section  for  Boring  B-2  and  properties  used  for  deterministic  and 

probabilistic  analyses. 


Deterministic  Analysis 

Undrained 

Drained 

Depth,  ft 

Profile 

Unit  Weight,  pcf 

Shear  Strength 
Parameters 

Friction  Angle, 
Degrees 

Cohesion, 

psf 

7 

F  =  38° 

c  =  0  psf 

8 

1  -  Sand 

130 

38 

0 

18 

28 

2  -  Sand 

130 

F  =  38° 

38 

0 

38 

c  =  0  psf 

48 

3  -  Clay 

120 

F  =  0° 

c  =  2500  psf 

20 

150 

58 

F  =  38° 

68 

4  -  Sand 

138 

c  =  0  psf 

38 

0 

78 

F  =  0° 

c  =2370  psf 

88 

5  -  Clay 

117 

22 

130 

98 

108 

118 

6  -  Sand 

125 

F  =33  0 

33 

0 

128 

c  =  0  psf 

138 

148 

F  =  0  0 

c  =  2170  psf 

158 

7  -  Clay 

123 

20 

150 

168 
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Table  C3.  Geotechnical  cross  section  for  Boring  B-3  and  properties  used  for  deterministic  and 

probabilistic  analyses. 


Depth, 

ft 

Deterministic  Analysis 

Probabilistic  Analysis 

Profile 

Unit 

Weight, 

pcf 

Undrained 

Drained 

Profile 

Drained 

Shear 

Strength 

Parameters 

Friction 

Angle, 

Degrees 

Cohesion, 

psf 

Unit 

Weight, 

pcf 

Friction 

Angle 

Cohesion 

3 

1  -  Sand 

130 

F=38° 

c=  0  psf 

38 

0 

1  -  Sand 

130 

38 

0 

13 

23 

2  -  Sand 

130 

F=38° 
c=  0  psf 

38 

0 

33 

43 

53 

3  -  Sand 

130 

F=38° 
c=  0  psf 

38 

0 

63 

73 

4 -Clay 

122 

F=0° 

c=2300  psf 

22 

110 

2  -  Clay 

122 

22 

110 

83 

93 

5  -  Sand 

125 

F=35 0 

c=0  psf 

35 

0 

3  -  Sand 

125 

35 

0 

103 

113 

123 

6  -  Clay 

125 

F=0° 

c=3500  psf 

25 

80 

4  -  Clay 

125 

25 

80 

133 

7- Sand 

125 

F=35  0 

c  =  0  psf 

35 

0 

5  -  Sand 

125 

35 

0 

143 

153 

8  -  Clay 

120 

F=35 0 
c  =  2220  psf 

22 

110 

6  -  Clay 

120 

22 

110 

163 

173 
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Table  C4.  Geotechnical  cross  section  for  Boring  B-4  and  properties  used  for  deterministic  and 

probabilistic  analyses. 


Deterministic  Analysis 

Undrained 

Drained 

Depth,  ft 

Profile 

Unit  Weight, 
pcf 

Shear  Strength 
Parameters 

Friction  Angle, 
Degrees 

8 

F=37° 

c=0  psf 

18 

1  -  Sand 

130 

37 

0 

28 

38 

F=37 0 

48 

2  -  Sand 

130 

c=0  psf 

37 

0 

58 

F=37 0 

c=0  psf 

63 

3  -  Sand 

130 

37 

0 

68 

78 

4  -  Clay 

125 

F=0  0 

19 

180 

83 

c=1420 

88 

5  -  Clay 

122 

F=0° 

20 

150 

93 

c=2250 

98 

6  -  Sand 

125 

F=33  0 
c=0  psf 

33 

0 

103 

7  -  Clay 

116 

F=0° 

c=2780 

19 

160 

108 

8  -  Sand 

125 

F=33  0 

33 

0 

118 

c=0  psf 

123 

F=0° 

c=3000 

128 

9  -  Clay 

126 

22 

120 

133 

143 

10  -  Sand 

125 

F=33 0 

c=0 

33 

153 

F=0  0 

c=1140 

158 

11  -  Clay 

120 

20 

150 

163 

168 

173 

12  -  Clay 

120 

F=0° 

20 

150 

178 

c=2800 

183 

193 

13  -  Sand 

125 

F=33  0 

c=0  psf 

33 

0 
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Table  C5.  Geotechnical  cross  section  for  Boring  B-5  and  properties  used  for  deterministic  and 
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Table  C6.  Geotechnical  cross  section  for  Boring  B-6  and  properties  used  for  deterministic  and 

probabilistic  analyses. 


Depth,  ft 

Deterministic  Analysis 

Profile 

Unit  Weight, 
pcf 

Undrained 

Drained 

Shear  Strength 
Parameters 

1 1  w  i 

7 

8 

18 

1  -  Sand 

130 

F=37 0 
c  =  0  psf 

37 

0 

28 

38 

2  -  Sand 

130 

F=37 0 
c=  0  psf 

37 

0 

49 

3  -  Clay 

132 

F=  0° 

c=1760  psf 

28 

60 

58 

68 

4  -  Sand 

130 

F=37 
c=0  psf 

37 

0 

78 

88 

5  -  Clay 

117 

F=  0° 

c=1140  psf 

21 

100 

98 

6  -  Clay 

130 

F=  0° 

c=2000  psf 

22 

120 

108 

118 

7  -  Sand 

125 

F=35 0 

c=0  psf 

35 

0 

128 

8  -  Sand 

125 

F=35° 

c=0  psf 

35 

0 

138 

148 

9  -  Sand 

125 

F=35 0 

c=0  psf 

35 

0 

153 

163 

173 

10  -  Clay 

131 

F=  0° 

c  =  3610  psf 

20 

150 
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Table  C7.  Geotechnical  cross  section  for  Boring  B-7  and  properties  used  for  deterministic  and 

probabilistic  analyses. 


Deterministic  Analysis 


Undrained  Drained 


cf  Parameters 


F=35 0 
c  =  0  psf 


F=35 0 
c=  0  psf 


48 

3  -  Clay 

125 

F=  0° 

c=  1900  psf 

22 

110 

2  -  Clay 

125 

22 

110 

58 

68 

4- 

Sand 

130 

F=35° 

C  =  0  psf 

35 

0 

3  -  Sand 

130 

35 

0 

73 

78 

83 

88 

93 

5  -  Clay 

123 

F=  0° 

c=  2100  psf 

21 

120 

4  -  Clay 

123 

21 

120 

103 

6- 

Sand 

125 

F=32° 
c=  0  psf 

32 

0 

5  -  Sand 

125 

32 

0 

113 

123 

7  -  Clay 

125 

F=  0° 

c  =700 

24 

90 

6  -  Clay 

125 

24 

90 

133 

125 

F=32° 
c=0  psf 

32 

0 

7  -  Sand 

125 

32 

0 

F=  0° 

c=  2800  psf 


20  150 


F=  0° 

c=1200  psf 


28  60 


Probabilistic  Analysis 


Drained 


Friction 


Profile 


1- Sand  125  33.5  14 


8 -Clay  126  24  105 
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Table  C8.  Geotechnical  cross  section  for  Boring  B-8  and  properties  used  for  deterministic  and 

probabilistic  analyses. 


Depth,  ft 

Deterministic  Analysis 

Profile 

Unit  Weight, 
pcf 

Undrained 

Drained 

Shear  Strength 
Parameters 

Friction  Angle, 
degrees 

3 

4.5 

13 

23 

1  -  Sand 

130 

F=37° 
c=  0  psf 

37 

0 

33 

43 

2  -  Sand 

130 

F=37 0 
c=  0  psf 

37 

0 

53 

3  -  Clay 

132 

F=0  0 

c=1800  psf 

24 

90 

63 

4  -  Sand 

130 

F=37 0 

c=0  psf 

37 

0 

73 

83 

93 

5  -  Clay 

120 

F=0° 

c=1600  psf 

20 

150 

103 

113 

6  -  Sand 

125 

F=35 0 
c=  0  psf 

35 

0 

123 

7  -  Clay 

125 

F=0° 

c=3500  psf 

30 

40 

133 

8  -  Sand 

125 

o  ^ 

II  II 

°  8 

V,  ° 

— +1 

35 

0 

143 

153 

9  -  Clay 

123 

F=0° 

c=  2740  psf 

20 

150 

163 

10  -  Sand 

125 

F=35 0 
c=  0  psf 

35 

0 

173 

11  -  Clay 

130 

F=0° 

c=  3000  psf 

21 

140 

ERDC  TR-11-8 


188 


Appendix  D:  Slope  Stability  Analysis  Results 

Introduction 

A  summary  of  all  undrained  and  drained  slope  stability  analyses  for  boring 
B-i  through  B-8  are  presented  in  a  graphical  format  (Figures  Di  through 
D17).  There  is  a  figure  for  each  boring  that  contains  the  critical  failure 
surface  for  the  three  depths  analyzed  (100, 130,  and  150  ft)  and  an 
embedded  table  showing  the  engineering  properties  used  for  each  analysis. 

Undrained  analyses 


1000  1100  1200 


NC 

DESCRIPTION 

UNIT 

WEIGHT 

SHEAR 

STRENGTH 

PORE 

PRESSJRE 

1 

LI  Barner  Is  Sand 

130 

Conesion  0  0 
Friction  angle  37 

Piezometric 

Line  no  1 

2 

L2  Barrier  Is  Sand 

130 

Cohesion.  0  0 
Friction  angle  37 

Piezometric 

Line  no  1 

3 

L3  Barrier  Is  Clay 

120 

Conesion  1900  0 
Friction  angle:  0 

None 

- 

L4  Barrier  Is  San<j 

130 

Cohesion  0  0 
Friction  angle  37 

Piezometric 
Line  no  1 

5 

L5  Beaumont  Clay 

124 

Cohesion  1 300  0 
Friction  angle:  0 

None 

e 

L0  Beaumont  Clay 

120 

Cohesion  2150  0 
friction  angle:  0 

None 

7 

L7  Beaumont  Sand 

12! 

Cohesion  0  0 
Friction  angle  34 

Piezometric 
Line  no  1 

8 

L8  Beaumont  Clay 

124 

Cohesion  4200  0 
Friction  angle:  0 

None 

9 

L9  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  34 

Piezometric 

Line  no  1 

10 

L10  Beaumont  Clay 

125 

Cohesion  3000  0 
Friction  angle  0 

None 

1 1 

L1 1  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  34 

Piezometric 

Line  no  1 

12 

L12  Beaumont  Clay 

123 

Cohesion  1070  0 
Friction  angle:  0 

None 

13 

LI  3  Beaumont  Clay 

125 

Cohesion:  3000.0 
Friction  angle  0 

None 

14 

LI 4  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  34 

Piezometric 
Line  no  1 

1  f 

L15  Sand  Base 

125 

Very  Strong 

Not  Acolicacle 

ie 

L1C  FLo*aole  Rio  Rao 

14Q 

Very  Strong 

No:  Aoc  uce 

1000 


1100 


1200 


R-1  MRflfn  ll 


1000  1100  1200  1300 


Figure.Dl.  Stability  analyses  using  undrained  properties  for  boring  B-l  showing  critical  failure  surface  at  100, 130,  and 

150  ft  depths  and  property  table. 
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Figure  D2.  Stability  analyses  using  undrained  properties  for  boring  B-2  showing  critical  failure  surface  at  100, 130,  and 

150  ft  depths  and  property  table. 


NO 

DESCRIPTION 

UNIT 

WEIGHT 

SHEAR 

STRENGTH 

PORE 

PRESSURE 

1 

LI  Barrier  Is  Sand 

130 

Cohesion  0  0 
Friction  angle  38 

Piezometric 
Line  no  1 

2 

L 2  Barrier  Is  Sand 

130 

Cohesion  0  0 
Friction  angle  38 

Piezometric 
Line  no  1 

3 

L3  Barrier  Is  Clay 

120 

Cohesion  2500.0 
Friction  angle  0 

None 

4 

L4  Barrier  Is  Sand 

138 

Cohesion  0  0 
Friction  angle  38 
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Figure  D3.  Stability  analyses  using  undrained  properties  for  boring  B-3  showing  critical  failure  surface  at  100, 

130,  and  150  ft  depths  and  property  table. 
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Figure  D4.  Stability  analyses  using  undrained  properties  for  boring  B-4  showing  critical  failure  surface  at  100, 130,  and 

150  ft  depths  and  property  table. 


ERDC  TR-11-8  192 


0 


•50 


-100 


-150 


Factor  of  Safety  =  1 .376 


l - I - 1- 

1000  1100  1200 


B-5  (130  ft)  U 


B-5  (69  ft)  U 


0 


-50 


•100 


-150 


NC 

DESCRIPTION 

UNIT 

.'.EIGHT 

SHEAR 

STRENGTH 

PORE 

PRESSURE 

’ 

LI  Barrier  Is  Sand 

100 

Cohesion:  0  0 
Friction  angle  35 

Pieiometric 

Line  no  1 

2 

L2  Barrier  Is  Sand 

130 

Cohesion  0  0 
Friction  angle  35 

Pieiometric 

Line  no  1 

3 

L3  Barrier  Is  Sand 

130 

Cohesion  0  0 
Fr.ct.on  angle  35 

Pieiometric 

Line  no  1 

4 

L4  Barrier  Is  Sand 

130 

Cohesion  0  0 
Friction  angle  35 

Pieiometric 

Line  no  1 

~ 

L5  Beaumont  Clay 

125 

Cohesion  1250  0 
Friction  angle  0 

None 

e 

Lfl  Beaumont  Clay 

118 

Cohesion  2300  0 
Friction  angle  0 

None 

- 

L?  Beaumont  Clay 

130 

Cohesion  1250  0 
Friction  angle  0 

None 

8 

L8  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  3€ 

Pieiometric 

Line  no.  1 

9 

L9  Beaumont  Clay 

113 

Cohesion  1580  0 
Friction  angle  0 

None 

10 

L10  Beaumont  Clay 

130 

Cohesion  2000  0 
Friction  angle  0 

None 

” 

L1 1  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  3£ 

Pieiometric 

Line  no  1 

12 

LI 2  Beaumont  Clay 

120 

Cohesion  19©0  0 
cri ction  anQle  0 

None 

13 

LI  3  Beaumont  Clay 

130 

Cohesion  2500  0 
Friction  angle  0 

None 

14 

LI 4  Beaumont  Clay 

130 

Cohesion  3500  0 
Friction  angle  0 

None 

15 

LIS  Clay  Base 

130 

Very  Strong 

Not  Aaolioaole 

ie 

L1C  PLoAaole  Rio  R9C 

140 

Very  Strong 

Not  Aaolioaole 

L1“  FLo  a  sole  Rio  Rao 

Very  Strong 

Not  Aaolioaole 

1000 


1100 


1200 


1300 


Figure  D5.  Stability  analyses  using  undrained  properties  for  boring  B-5  showing  critical  failure  surface  at  100, 130, 

and  150  ft  depths  and  property  table. 
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Figure  D6.  Stability  analyses  using  undrained  properties  for  boring  B-6  showing  critical  failure  surface  8at  100, 130, 

and  150  ft  depths  and  property  table. 
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Figure  D7.  Stability  analyses  using  undrained  properties  for  boring  B-7  showing  critical  failure  surface  at  100, 130,  and 

150  ft  depths  and  property  table. 
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Figure  D8.  Stability  analyses  using  undrained  properties  for  boring  B-8  showing  critical  failure  surface  at  100, 130, 

and  150  ft  depths  and  property  table. 
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Figure  D9.  Stability  analyses  using  drained  properties  for  boring  B-1  showing  critical  failure  surface  at  100, 130, 

and  150  ft  depths  and  property  table. 
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Figure  DIO.  Stability  analyses  using  drained  properties  for  boring  B-2  showing  critical  failure  surface  at  100, 130, 

and  150  ft  depths  and  property  table. 
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Figure  Dll.  Stability  analyses  using  drained  properties  for  boring  B-3  showing  critical  failure  surface  at  100, 130, 

and  150  ft  depths  and  property  table. 
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Figure  D12.  Stability  analyses  using  drained  properties  for  boring  B-4  showing  critical  failure  surface  at  100, 130, 

and  150  ft  depths  and  property  table. 
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Figure  D13.  Stability  analyses  using  drained  properties  for  boring  B-5  showing  critical  failure  surface  at  100, 130,  and 

150  ft  depths  and  property  table. 
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L4  Barrier  Is  Sand 

130 

Cohesion  0  0 
Friction  angle  37 

Piezometric 

Line  no  1 

5 

L5  Beaumont  Clay 

117 

Cohesion  100  0 
Friction  angle  21 

Piezometric 
Line  no  1 

e 

L6  Beaumont  Clay 

130 

Cohesion  120  0 
Friction  angle  22 

Piezometric 
Line  no  1 

7 

L7  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  35 

Pie2ometric 

Line  no  1 

8 

L8  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  35 

Piezometric 

Line  no  1 

9 

L9  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  35 

Piezometr.c 

Line  no  1 

10 

L10  Beaumont  Clay 

131 

Cohesion  150  0 
Friction  angle  20 

Piezometric 

Line  no  1 

11 

L1 1  Clay  Base 

131 

Very  Strong 

Not  Aoclicaole 

12 

L12  FLowaPle  Rip  Rac 

140 

Very  Strong 

Not  Aochcacle 

LI  3  FLowaPle  Rip  Rap 

140 

Very  Strong 

Not  Applicaole 

© 


— I - 1 - 1— 

1000  1100  1200 


Figure  D14.  Stability  analyses  using  drained  properties  for  boring  B-6  showing  critical  failure  surface  at  100, 130, 

and  150  ft  depths  and  property  table. 
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mnn  iinn 


NC 

DESCRIPTION 

UNIT 

WEIGHT 

SHEAR 

STRENGTH 

PORE 

PRESSURE 

LI  Barrier  Is  Sand 

100 

Cohesion  0  0 
Friction  angle  35 

Piezometric 
Line  no  1 

2 

L2  Barrier  Is  Sand 

130 

Cohesion  0  0 
Friction  angle  35 

Piezcmetric 

Line  no.  1 

3 

L3  Barrier  Is  Clay 

125 

Cohesion  110  0 
Friction  angle  22 

Piezometric 

Line  no  1 

4 

L4  Barrier  Is  Sand 

130 

Cohesion  0  0 
Friction  angle  35 

Pierometric 

Line  no  1 

K 

L5  Beaumont  Clay 

123 

Cohesion  120  0 
Friction  angle  21 

Piezometric 
Line  no  1 

e 

L6  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  32 

Piezometric 

Line  no  1 

7 

L7  Beaumont  Clay 

125 

Cohesion  30  0 
Friction  angle  24 

Piezometric 
Line  no  1 

8 

L8  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  32 

Piezometric 

Line  no  1 

9 

L9  Beaumont  Clay 

126 

Cohesion  150  0 
Friction  angle  20 

Piezometric 
Line  no.  1 

10 

L10  Beaumont  Clay 

127 

Cohesion  60  0 
Friction  angle  28 

Piezometric 
Line  no.  1 

11 

L1 1  Clay  Base 

127 

Very  Strong 

Not  Applicaole 

12 

L12  FLowa ole  Ric  Rac 

140 

Very  Strong 

Not  Apclioacle 

13 

LI  3  FLowaole  Ric  Rac 

140 

Ve>»  Strong 

Not  Aoclicscle 

1000  1100  1200 


1000  1100  1200 


Figure  D15.  Stability  analyses  using  drained  properties  for  boring  B-7  showing  critical  failure  surface  at  100, 130,  and 

150  ft  depths  and  property  table. 
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1000 


1100 


1000 


1100 


1200 


NO 

DESCRIPTION 

UNIT 

//EIGHT 

SHEAR 

STRENGTH 

PORE 

PRESSURE 

1 

LI  Barrier  Is  Sane 

130 

Cohesion  0  0 
“•ictir-  3-gle  87 

Piezometric 
Line  no  1 

2 

L2  Barrier  Is  Sane 

130 

Cohesion  0  0 
Friction  angle  37 

Piezometric 
Line  no  1 

3 

L3  Bamer  Is  Clay 

132 

Friction  angle  24 

Piezometnc 
Line  no  1 

4 

L4  Barrier  Is  Sane 

130 

Cohesion  0  0 
Friction  angle  37 

Piezometric 

Line  no  1 

! 

L5  Beaumont  Clay 

120 

Cohesion  150  0 
Fridion  angle  20 

Piezometric 

Line  no  1 

e 

LC  Beaumont  Sane 

125 

Cohesion  0  0 
Fridion  angle  35 

Piezometric 

Line  no  1 

7 

L7  Beaumont  Clay 

125 

Cohesion  40  0 
Fridion  angle  30 

Piezometric 
Line  no  1 

8 

L8  Beaumont  Sane 

125 

Cohesion  0  0 
Fridion  angle  35 

Piezometric 
Line  no  1 

9 

L9  Beaumont  Clay 

123 

Cohesion  1 50  0 
Fridion  angle  20 

Piezometric 
Line  no  1 

10 

L10  Beaumont  Sane 

125 

Cohesion  0  0 
Fridion  angle  35 

Piezometric 

Line  no  1 

1 1 

L1 1  Beaumont  Clay 

130 

Cohesion  140  0 
Fridion  angle  21 

Piezometric 

Line  no  1 

12 

L12  Clay  Base 

130 

Very  Strong 

Not  Apolicacle 

13 

LI 3  FLowaele  Rip  Rap 

140 

Very  Strong 

Not  Applicacle 

14 

LI 4  FLowaele  Rip  R8C 

140 

Very  Strong 

Not  Applicacle 

1000  1100  1200 


Figure  D16.  Stability  analyses  using  drained  properties  for  boring  B-8  showing  critical  failure  surface  at  100, 130, 

and  150  ft  depths  and  property  table. 


ERDC  TR-11-8  204 


ERDC  TR-11-8 


205 


Appendix  E:  Probabilistic  Analysis  Results 

Introduction 

A  summary  of  the  probabilistic  analyses  for  borings  B-i,  B-3,  and  B-7  are 
presented  (Figures  El  -  E6  and  Tables  El  -  E17).  Five  main  channel  depths 
were  analyzed  for  each  of  the  cross  sections.  These  fives  depths  included  the 
current  depth  and  depths  deeper  than  the  current  depth  by  5, 10,  25,  and 
50  ft.  An  additional  channel  depth  was  analyzed  for  cross-sections  B-3  and 
B-7  so  that  all  cross  sections  would  have  a  150  ft  channel  depth  analysis. 
Each  figure  shows  the  critical  failure  surface  used  to  determine  the  most 
likely  value  for  the  factor  of  safety  for  the  channel  depths  analyzed  for  any 
particular  cross  section.  Each  figure  also  contains  an  embedded  table 
showing  the  engineering  properties  used  for  that  analysis.  Following  the 
figures  for  a  particular  boring  are  tables  presenting  the  results  of  the 
probabilistic  analyses.  The  cases  with  the  last  character  labeled  as  lower¬ 
case  “a”  represent  analysis  with  the  strengths  decreased  by  one  standard 
deviation  and  those  labeled  as  lower-case  “b”  represent  the  analysis 
performed  with  the  strengths  increased  by  one  standard  deviation. 

Results  for  probabilistic  analyses  for  boring  B-l  cross  section 


B-1  (100  ft)  D-Pf 


B-1  (1 10  ft)  D-Pf 


L 2  Beaumont  Clay 


L4  Beaumont  Clay 


L5  Beaumont  Sand 


L6  Beaumont  Clay 


L7  Beaumont  Sand 


L8  Beaumont  Clay 


L9  Beaumont  Sand 


L10  Beaumont  Clay 


L1 1  Sand  Base 


LI  3  FLowaole  Rio  Rao 


Cohesion  135  0 
21 


Cohesion  0  0 


© 

— I - 1 - 1 — 

1000  1100  1200 


o 

34 


0 

19 


0 

34 


0 


Pierometric 


Cohesion  0  0 


-100 


1000 


1100 


1200 


1000 


1100 


1200 


-150 


-150 


-100 


Factor  of  Safety  =  1 .327 


-150 


Factor  of  Safety  =  1 .329 


Figure  El.  Probabilistic  stability  analyses  to  determine  the  most  likely  value  for  safety  factor  using  drained 
properties  for  boring  B-1  showing  critical  failure  surface  for  100, 105  and  110  ft  depths  and  property  table. 


ERDC  TR-11-8  206 


no 

DESCRIPTION 

UNIT 

WEIGHT 

SHEAR 

STRENGTH 

PORE 

PRESSURE 

■ 

LI  Barrier  Is  Sand 

130 

Cohesion  0.0 
Friction  angle  37 

Fiezometric 

Line  no  1 

2 

L2  Beaumont  Clay 

120 

Cohesion  140  0 
Friction  angle  21 

Fiezometric 

Line  no  1 

3 

L3  Beaumont  Sand 

130 

Cohesion  0.0 
Friction  angle  37 

Fiezometric 
Line  no  1 

4 

L4  Beaumont  Clay 

122 

Cohesion  135  0 
Friction  angle  21 

Fiezometric 
Line  no  1 

5 

L5  Beaumont  Sand 

125 

Cohesion  0.0 
Friction  angle  34 

Fiezometric 
Line  no  1 

e 

LO  Beaumont  Clay 

124 

Cohesion  100  0 
Friction  angle  24 

Fiezometric 

Line  no.  1 

7 

L7  Beaumont  Sand 

125 

Cohesion  0.0 
Friction  angle  3* 

Fiezometric 

Line  no  1 

8 

L8  Beaumont  Clay 

125 

Cohesion  150  0 
Friction  angle  19 

Fiezometric 

Line  no.  1 

9 

L9  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  34 

Fiezometric 
Line  no  1 

10 

L10  Beaumont  Clay 

124 

Cohesion  120  0 
Friction  angle  22 

Piezometric 

Line  no  1 

L1 1  Sand  Base 

125 

Very  Strong 

Not  Apchcaole 

12 

L12  FLowaole  Rip  Rap 

130 

Cohesion:  0.0 
Friction  angle  4; 

Piezometric 
Line  no  1 

13 

LI  3  FLowaole  Rip  Rap 

130 

Cohesion  0  0 
Friction  angle  4* 

None 

— 1 - 1 - 1 - 1— 

1000  1100  1200  1300 


Figure  E2.  Probabilistic  stability  analyses  to  determine  the  most  likely  value  using  drained  properties  for  boring  B-l 
showing  critical  failure  surface  for  125  and  150  ft  depths  and  property  table. 
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Table  El.  Probability  of  failure  calculations  for  boring  B-l  at  100  ft  depth. 


Most  Likely  Value  of  FS  = 


Case 


B1-100-1a 


B 1  -1 00-1  b 


B1-100-2a 


B1-100-2b 


B1-100-3a 


B1-100-3b 


B1-100-4a 


B1-100-4b 


B1-100-5a 


B1-100-5b 


B1-100-6a 


B1-100-6b 


B1-100-7a 


B1-100-7b 


B1-100-8a 


B1-100-8b 


B1-100-9a 


B1-100-9b 


B1-100-10a 


B1-100-10b 


1.327 


FS 


1.275 


1.345 


1.318 


1.337 


1.306 


1.349 


1.171 


1.353 


1.327 


1.327 


1.212 


1.327 


1.327 


1.327 


1.327 


1.327 


1.327 


1.327 


1.327 


1.327 


Delta  FS  I  Std  Dev  of  FS 
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Table  E3.  Probability  of  failure  calculations  for  boring  B-l  at  110  ft  depth. 


Most  Likely  Value  of  FS  = 


Case 


B1-1 10-la 


B1-1 10-1  b 


B1-1 10-2a 


B1-1 10-2b 


B1-1 10-3a 


B1-1 10-3b 


B1-1 10-4a 


B1-1 10-4b 


B1-1 10-5a 


B1-1 10-5b 


B1-1 10-6a 


B1-1 10-6b 


B1-1 10-7a 


B1-1 10-7b 


B1-1 10-8a 


B1-1 10-8b 


B1-1 10-9a 


B1-1 10-9b 


B1-1 10-10a 


B1-1 10-1  Ob 


1.329 


FS 


1.284 


1.357 


1.321 


1.338 


1.308 


1.352 


1.177 


1.354 


1.329 


1.329 


1.190 


1.329 


1.329 


1.329 


1.284 


1.329 


1.329 


1.329 


1.329 


1.328 


Delta  FS  I  Std  Dev  of  FS 
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Results  for  probabilistic  analyses  for  boring  B-3  cross  section 


1000 


1100 


1200 


NC 

DESCRIPTION 

UNIT 

WEIGHT 

SHEAR 

STRENGTH 

PORE 

PRESSURE 

1 

LI  Barrier  Is  Sand 

130 

Cohesion  0  0 
Friction  angle  38 

Piezometric 

Line  no  1 

4 

L4  Beamont  Clay 

122 

Cohesion  110.0 
Friction  angle  22 

Piezometric 

Line  no  1 

5 

L5  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  35 

Piezometric 
Line  no  1 

C 

LC  Beaumont  Clay 

125 

Cohesion  80  0 
Friction  angle  25 

Piezometric 
Line  no  1 

7 

L7  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  35 

Piezometric 

Line  no  1 

8 

L8  Beaumont  Clay 

120 

Cohesion  120  0 
Friction  angle  22 

Piezometric 
Line  no  1 

9 

L9  Clay  Base 

120 

Very  Strong 

Not  Aoolicaole 

10 

L10  FLowaole  Rio  Rae 

130 

Cohesion  0  0 
Friction  angle  4* 

Piezometric 
Line  no.  1 

L1 1  FLowaole  Rip  Rap 

130 

Cohesion  0  0 
Fnction  angle  45 

Piezometric 

Line  no  1 

-50  -I 


-100  - 


— — - — — — .. -...'.JI.W , 


© 


-150 


w 


mmme ) 


1000 


1100 


1200 


1000 


1100 


1200 


Figure  E3.  Probabilistic  stability  analyses  using  drained  properties  for  boring  B-3  showing  critical  failure 
surface  for  86,  91,  and  96  ft  depths  and  property  table. 
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NC 

DESCRIPTION 

UNIT 

WEIGHT 

3HEAR 

STRENGTH 

PORE 

PRESSURE 

LI  Barrier  Is  Sand 

130 

Cohesion  0  0 
Friction  angle  38 

Piezcmetric 

Line  no  1 

4 

L4  Beamont  Clay 

122 

Cohesion  110  0 
Friction  angle  22 

Piezometric 

Line  no  1 

g 

L5  Beaumont  Sand 

125 

Cohesion  0.0 
Friction  angle  35 

Piezometric 

Line  no  1 

p 

L©  Beaumont  Clay 

125 

Cohesion  80  0 
Friction  angle  25 

Piezometric 
Line  no  1 

7 

L7  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  35 

Piezometric 

Line  no  1 

8 

L8  Beaumont  Clay 

120 

Cohesion  120  0 
Friction  angle  22 

Piezometric 

Line  no  1 

9 

L9  Clay  Base 

120 

Very  Strong 

Not  Applicacle 

1 0 

L10  FLowaole  Rip  Rac 

130 

Cohesion  0  0 
Friction  angle  *5 

Piezcmetric 

Line  no  1 

1 1 

L1 1  FLowaPle  Rip  Rap 

130 

Cohesion  0  0 
Friction  angle  *5 

Piezcmetric 

Line  no  1 

1000  1100  1200 


Figure  E4.  Probabilistic  stability  analyses  using  drained  properties  for  boring  B-3  showing  critical  failure  surface  for 

111,  136,  and  150  ft  depths  and  property  table. 


ERDC  TR-11-8  212 


ERDC  TR-11-8 


213 


Case 


B  3-86-1  a 


B  3-86-1  b 


B3-86-2a 


B3-86-2b 


B3-86-3a 


B3-86-3b 


B3-86-4a 


B3-86-4b 


B3-86-5a 


B3-86-5b 


B3-86-6a 


B3-86-6b 


Table  E6.  Probability  of  failure  calculations  for  boring  B-3  at  86  ft  depth. 


Most  Likely  Value  of  FS  =  1 1.044 


Delta  FS 


Layer  # 


1 


Table  E7.  Probability  of  failure  calculations  for  boring  B-3  at  91  ft  depth. 


Most  Likely  Value  of  FS  =  1 0. 993 


Case 


B3-91-1a 


B3-91-1b 


B  3-91 -2a 


B3-91-2b 


B  3-91 -3a 


B  3-91 -3b 


B  3-91 -4a 


B  3-91  -4b 


B  3-91 -5a 


B  3-91 -5b 


B  3-91 -6a 


B  3-91 -6b 
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Table  E9.  Probability  of  failure  calculations  for  boring  B-3  at  111  ft  depth. 


Most  Likely  Value  of  FS  =  |0.957 


Case 

WL 

Layer  # 

cov 

FS 

B3-111-1a 

7.5 

1 

5% 

0.919 

B3-1 1 1  -1  b 

7.5 

1 

5% 

0.994 

B3-111-2a 

7.5 

2 

30% 

0.866 

B3-111-2b 

7.5 

2 

30% 

1.006 

B3-111-3a 

7.5 

3 

5% 

0.941 

B3-111-3b 

7.5 

3 

5% 

0.971 

B3-111-4a 

7.5 

4 

30% 

0.957 

B3-111-4b 

7.5 

4 

30% 

0.957 

B3-111-5a 

7.5 

5 

5% 

0.957 

B3-111-5b 

7.5 

5 

5% 

0.957 

B3-111-6a 

7.5 

6 

30% 

0.957 

B3-111-6b 

7.5 

6 

30% 

0.957 

Table  E10.  Probability  of  failure  calculations  for  boring  B-3  at  136  ft  depth. 


Most  Likely  Value  of  FS  = 


Case 


B3-136-1a 


B3-136-1b 


B3-136-2a 


B  3-1 36-2  b 


B3-136-3a 


B3-136-3b 


B3-136-4a 


B3-136-4b 


B3-136-5a 


B3-136-5b 


B3-136-6a 


B3-136-6b 


0.941 


FS 


0.914 


0.959 


0.866 


0.959 


0.889 


0.968 


0.920 


0.949 


0.941 


0.941 


0.941 


0.941 


Delta  FS  Std  Dev  of  FS 


Results  for  probabilistic  analyses  for  boring  B-7  cross  section 


-50  - 


-100  - 


-150  - 


MC 

DESCRIPTION 

UNIT 

WEIGHT 

SHEAR 

STRENGTH 

PORE 

PRESSURE 

1 

LI  Barrier  Is  Sand 

125 

Cohesion  0  0 
friction  angle  35 

Piezometric 

Line  no  1 

2 

L2  Beaumont  Clay 

125 

Cohesion  110  0 
Friction  angle  22 

Fiezometric 

Line  no  1 

3 

L3  Beaumont  Sand 

130 

Cohesion  0  0 
Friction  angle  35 

Piezometric 

Line  no.  1 

4 

L*  Beaumont  Clay 

123 

Cohesion:  120  0 
Friction  angle  21 

Fiezometric 

Line  no  1 

5 

L5  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  32 

Fiezometric 

Line  no.  1 

e 

L6  Beaumont  Clay 

125 

Cohesion  90  0 
Friction  angle  2* 

Fiezometric 

Line  no  1 

7 

L7  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  32 

Fiersmetric 

Line  no.  1 

8 

L8  Beaumont  Clay 

120 

Cohesion  105  0 
Friction  angle  2* 

Piezometric 

Line  no.  1 

9 

L9  Clay  Base 

127 

Very  Strong 

Not  Aoolicaole 

10 

L10  FLowable  Rip 
Rap 

130 

Cohesion  0  0 
Friction  angle  *5 

Fiezometric 

Line  no  1 

11 

L11  FLowaole  Rip  Rap 

130 

Cohesion  0  0 
Friction  angle 

Piezometric 

Line  no  1 

Factor  of  Safety  =  1 .01 7 


-100 


Y77TM 

ZZZZZIZZI5X 

- ! - 

1000 


1100 


1200 


-150  - 


Figure  E5.  Probabilistic  stability  analyses  using  drained  properties  for  boring  B-7  showing  critical  failure 
surface  for  72,  77,  and  82  ft  depths  and  property  table. 
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•ic 

DESCRIPTION 

UNIT 

WEIGHT 

SHEAR 

STRENGTH 

PORE 

PRESSURE 

1 

LI  Barrier  Is  Sand 

125 

Cohesion  0.0 
Friction  angle  35 

Piezometric 

Line  no.  1 

2 

L 2  Beaumont  Clay 

125 

Cohesion  110  0 
Friction  angle  22 

Piezometric 

Line  no.  1 

3 

L3  Beaumont  Sand 

130 

Cohesion  0  0 
Friction  angle  35 

Piezometric 

Line  no  1 

A 

Beaumont  Clay 

123 

Cohesion  120  0 
Friction  angle  21 

Piezometric 

Line  no.  1 

5 

L5  Beaumont  Sand 

125 

Cohesion  0  0 
=riction  angle  32 

Piezometric 

Line  no.  1 

€ 

LG  Beaumont  Clay 

125 

Cohesion  90  0 
Friction  angle  2A 

Piezometric 

Line  no  1 

7 

L7  Beaumont  Sand 

125 

Cohesion  0  0 
Friction  angle  32 

Piezometric 

Line  no  1 

8 

L8  Beaumont  Clay 

120 

Cohesion  105  0 
criction  angle  2A 

Piezometric 

Line  no.  1 

9 

L9  Clay  Base 

127 

Very  Strong 

Mot  Aco  lies  ole 

10 

L10  FLowaole  Rip 
Rao 

130 

Cohesion  0  0 
"rjction  angle  a; 

Piezometric 

Line  no  1 

11 

L1 1  FLowaole  Rip  Rao 

130 

Cohesion  0  0 
Friction  angle  as 

Piezometric 
Line  no.  1 

Figure  E6.  Probabilistic  stability  analyses  using  drained  properties  for  boring  B-7  showing  critical  failure  surface  for  97, 

122,  and  150  ft  depths  and  property  table. 
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Table  E12.  Probability  of  failure  calculations  for  boring  B-7  at  72  ft  depth. 


Most  Likely  Value  of  FS  = 


Case 


B  7-72- la 


B  7-72- 1b 


B7-72-2a 


B7-72-2b 


B7-72-3a 


B7-72-3b 


B7-72-4a 


B7-72-4b 


B7-72-5a 


B7-72-5b 


B7-72-6a 


B7-72-6b 


B7-72-7a 


B7-72-7b 


B7-72-8a 


B7-72-8b 


1.012 


FS 


0.974 


1.048 


0.970 


1.036 


0.997 


1.022 


1.012 


1.012 


1.012 


1.012 


1.012 


1.012 


1.012 


1.012 


1.012 


1.012 


Delta  FS  Std  Dev  of  FS 
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Case 


B  7-82- la 


B  7-82- 1b 


B7-82-2a 


B  7-82-2  b 


B7-82-3a 


B7-82-3b 


B7-82-4a 


B7-82-4b 


B7-82-5a 


B7-82-5b 


B7-82-6a 


B7-82-6b 


B7-82-7a 


B7-82-7b 


B7-82-8a 


B7-82-8b 


Table  E14.  Probability  of  failure  calculations  for  boring  B-7  at  82  ft  depth. 


Most  Likely  Value  of  FS  =  1 1.01 6 


Delta  FS  Std  Dev  of  FS 


Layer  # 


1 


1 
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Table  E16.  Probability  of  failure  calculations  for  boring  B-7  at  122  ft  depth. 


Case 
B7-122-1a 
B7-122-1  b 
B7-122-2a 
B7-122-2b 
B7-122-3a 
B7-122-3b 
B7-122-4a 
B7-122-4b 
B7-122-5a 
B7-122-5b 
B7-122-6a 
B7-122-6b 
B7-122-7a 
B7-122-7b 
B7-122-8a 
B7-122-8b 


0.897 

FS 

0.885 

0.909 

0.886 

0.908 

0.888 

0.906 

0.828 

0.961 

0.888 

0.906 

0.871 

0.901 

0.897 

0.897 

0.897 

0.897 
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Appendix  F:  Pairwise  Comparisons  used  in 
Expert  Elicitation  of  Pilots 

General 

Our  goal  of  these  questions  is  to  determine  the  likelihood  or  probability  of 
grounding  in  the  MSC  entrance  under  various  conditions.  For  example,  we 
want  to  know  the  likelihood  of  a  large  deep  draft  ship  going  inbound  with 
flood  tide  in  less  than  3  knot  bottleneck  currents  compared  to  a  large  deep 
draft  ship  with  flood  tide  going  inbound  in  greater  than  5  knot  bottleneck 
currents.  Notice  that  we  only  changed  one  item,  the  speed  of  the  current. 

In  almost  all  of  the  questions  you  are  asked,  we  will  change  only  one  item. 
Previous  studies  have  shown  that  this  is  the  most  reliable  way  to  obtain 
knowledge  from  experts. 

We  are  not  asking  you  how  frequently  you  will  ground  such  as  once  in 
every  1,000,  2,000,  or  5,000  transits. 

We  are  asking  you  to  compare  two  situations  and  tell  us  which  is  most 
likely  to  result  in  grounding  and  by  how  much  is  it  more  likely  to  do  so.  We 
could  probably  get  other  people  to  tell  us  which  of  two  situations  is  more 
important  to  grounding  and  get  it  right  some/most  of  the  time.  Only  you, 
the  pilots,  can  tell  us  how  much  more  likely  or  important  one  situation  is 
compared  to  another. 

The  following  example  shows  the  format  of  the  questions. 

Example 

You  want  to  predict  if  it  will  be  raining  or  not  raining  tomorrow  based  on 
today’s  weather  condition.  Let  us  assume  today’s  condition  is  cloudy  and  it 
is  a  little  humid.  You  and  your  friends  are  discussing  what  is  the  likelihood 
of  raining  tomorrow,  or  not  raining  and  how  much  more  likely  one  might 
be  over  the  other. 


Situation  1 

Attribute 

Situation  2 

Raining 

Weather  condition 

Not  raining 

What  is  the  likelihood  of  raining  tomorrow? 

98765432123456789 
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We  give  the  above  form  to  you  and  three  of  your  friends.  Friend  A  says  not 
raining  is  2  times  more  likely  than  raining  and  circles  a  2  on  the  right  side 
of  the  scale  because  that  is  the  side  corresponding  to  not  raining.  Friend  B 
says  it  is  3  times  more  likely  to  be  not  raining  than  raining  and  circles  a  3 
on  the  right  side  of  the  scale.  Friend  C  says  raining  and  not  raining  are 
equally  likely  and  circles  the  1  in  the  middle  of  the  scale.  You  believe  not 
raining  and  raining  are  close  but  not  raining  is  slightly  more  likely.  You 
think  not  raining  is  less  than  2  times  more  likely  than  raining.  You  can 
write  in  any  value  you  want  (must  be  1  or  greater)  on  the  right  side  of  the 
scale  such  as  1.5.  We  can  combine  your  and  your  friend’s  opinions  in 
various  ways  such  as  simply  averaging  all  of  the  responses.  This  results  in 
(2  +  3  +  1  +  1.5V4  =  1.87.  You  and  your  friends,  on  average,  believe  that 
not  raining  is  1.87  times  more  likely  than  raining  based  on  the  simple 
averaging  method. 

Breakdown  of  Matagorda  ship  channel  navigation 

Reach  location 

Our  study  area  is  the  gulf  to  just  north  of  Sundown  Island  before  you  get  to 
the  intersection  of  the  south  GIWW.  This  study  area  was  selected  because 
this  is  the  area  where  navigation  safety  is  most  affected  by  removal  of  the 
bottleneck,  which  is  one  of  the  options  being  studied.  We  have  broken  the 
study  area  into  two  reaches.  The  first  is  the  gulf  to  the  bottleneck  (G-B) 
and  the  second  is  the  bottleneck  to  north  of  Sundown  Island  (B-SI).  The 
G-B  reach  has  problems  associated  with  the  cross  currents  at  the  gulf 
entrance,  getting  the  ship  aligned  with  the  channel  before  reaching  the 
bottleneck,  and  the  high  currents  in  the  bottleneck.  The  B-SI  reach  has  a 
course  change,  rapid  depth  change,  cross  flow  from  the  effects  of  Sundown 
Island,  and  the  effects  of  high  currents  in  the  bottleneck.  The  two  reaches 
are  shown  in  Figure  Fi. 

Ship  direction 

The  next  division  of  navigation  conditions  is  by  ship  direction. 
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Figure  FI.  Division  of  study  area  into  reaches  used  in  expert  comparisons. 


Tide  direction 

The  next  division  of  navigation  conditions  is  by  tide  direction. 

Attributes 

The  next  division  of  navigation  conditions  is  divided  into  attributes 
describing  ship  and  environmental  conditions.  For  outbound  ships  in  both 
the  G-B  reach  and  the  B-SI  reach  and  inbound  ships  in  the  B-SI  reach,  the 
3  attributes  are  tidal  current  magnitude,  ship  class,  and  visibility.  For 
inbound  ships  in  the  G-B  reach,  cross  currents  are  added  to  the  other 
3  attributes. 

Attribute  magnitudes 

Each  of  the  attributes  was  divided  into  ranges  as  follows: 

l.  Tidal  Current  Magnitude.  Based  on  input  from  the  pilots,  tidal 
currents  in  the  bottleneck  were  divided  into  light  (<3  knots), 
medium  (3  to  <  5  knots),  and  strong  (5  knots  and  greater). 


ERDC  TR-11-8 


223 


2.  Ship  Class.  Based  on  the  daylight  restriction  rules,  pilot  input,  and 
difficulty  of  nighttime  navigation,  ships  class  was  divided  into  four 
categories:  (l)  not  daylight  restricted  (during  day),  (2)  not  daylight 
restricted  (at  night),  (3)  daylight  restricted  with  draft  less  than 

34  ft,  and  (4)  daylight  restricted  with  draft  of  34  ft  and  greater. 

3.  Visibility.  Based  on  pilot  input,  visibility  was  divided  into  >  1  mile 
and  <  =  1  mile  for  outbound  ships  and  >  3  miles  and,  <  =  3  miles  for 
inbound  ships. 

4.  Cross  Currents.  Cross  currents  were  divided  into  3  categories  of 
light,  medium,  and  strong.  We  are  still  working  on  determining 
numbers  to  describe  the  categories  of  cross  currents. 

A  schematic  of  the  breakdown  of  the  navigation  system  is  shown  in 
Figure  F2. 


Figure  F2.  Schematic  of  breakdown  of  navigation  attributes  contributing  to  likelihood  of  grounding. 
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Comparisons 

Level  1:  Reach-Ship  Direction  Comparisons.  For  the  following  six 
comparisons  of  reach  location  and  ship  direction,  assume  you  are  in 
difficult  transit  conditions  when  you  make  the  comparison.  An  example 
would  be  assuming  the  ship  is  going  with  the  tide  in  both  cases  when 
comparing  ships  going  inbound  versus  outbound. 


Table  FI. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck  -  Inbound 
Ship 

Reach  Location  and  Ship 
Direction 

Gulf  to  Bottleneck  -  Outbound 
Ship 

What  situation  is  most  likely  to  experience  grounding,  Inbound  Ship  in  the  Gulf  to  Bottleneck 
Reach  or  Outbound  Ship  in  the  Gulf  to  Bottleneck  Reach? 

98765432123456789 

Table  F2. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Island  -  Inbound  Ship 

Reach  Location  and  Ship 
Direction 

Bottleneck  to  Sundown 

Island  -  Outbound  Ship 

What  situation  is  most  likely  to  experience  grounding,  Inbound  Ship  in  the  Bottleneck  to 
Sundown  Island  Reach  or  Outbound  Ship  in  the  Bottleneck  to  Sundown  Island  Reach? 

98765432123456789 

Table  F3. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck  -  Inbound 
Ship 

Reach  Location  and  Ship 
Direction 

Bottleneck  to  Sundown 

Island  -  Inbound  Ship 

What  situation  is  most  likely  to  experience  grounding,  Inbound  Ship  in  the  Gulf  to  Bottleneck 
Reach  or  Inbound  Ship  in  the  Bottleneck  to  Sundown  Island  Reach? 

98765432123456789 

Table  F4. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck  - 
Outbound  Ship 

Reach  Location  and  Ship 
Direction 

Bottleneck  to  Sundown 

Island  -  Outbound  Ship 

What  situation  is  most  likely  to  experience  grounding,  Outbound  Ship  in  the  Gulf  to  Bottleneck 
Reach  or  Outbound  Ship  in  the  Bottleneck  to  Sundown  Island  Reach? 

98765432123456789 
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Table  F5. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck  -  Inbound 
Ship 

Reach  Location  and  Ship 
Direction 

Bottleneck  to  Sundown 

Island  -  Outbound  Ship 

What  situation  is  most  likely  to  experience  grounding,  Inbound  Ship  in  the  Gulf  to  Bottleneck 
Reach  or  Outbound  Ship  in  the  Bottleneck  to  Sundown  Island  Reach? 

98765432123456789 

Table  F6. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck  - 
Outbound  Ship 

Reach  Location  and  Ship 
Direction 

Bottleneck  to  Sundown 

Island  -  Inbound  Ship 

What  situation  is  most  likely  to  experience  grounding,  Outbound  Ship  in  the  Gulf  to  Bottleneck 
Reach  or  Inbound  Ship  in  the  Bottleneck  to  Sundown  Island  Reach? 

98765432123456789 

Level  2:  Tide  Direction  Comparisons.  For  the  next  four  comparisons  of  tide 
direction,  note  that  the  reach  location  and  ship  direction  has  been 
specified  in  each  comparison.  Assume  you  are  in  difficult  transit 
conditions  when  you  make  the  comparisons. 


Table  F7.  Outbound  Ship  in  Gulf  to  Bottleneck  Reach. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck- 
Outbound 

Reach  Location- Ship  Direction 

* 

Against  Ship  (Flood) 

Tide  Direction 

With  Ship  (ebb) 

Which  situation  is  more  likely  to  result  in  grounding  in  the  G-B  reach,  an  outbound  ship 
against  a  flood  tide  or  an  outbound  ship  with  an  ebb  tide? 

98765432123456789 

*  same  as  situation  1 


Table  F8.  Inbound  Ship  in  Gulf  to  Bottleneck  Reach. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck-  Inbound 

Reach  Location- Ship  Direction 

* 

With  Ship  (Flood) 

Tide  Direction 

Against  Ship  (ebb) 

Which  situation  is  more  likely  to  result  in  grounding  in  the  G-B  reach,  an  inbound  ship  with  a 
flood  tide  or  an  inbound  ship  against  an  ebb  tide? 

98765432123456789 

*  same  as  situation  1 
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Table  F9.  Outbound  Ship  in  Bottleneck  to  Sundown  Reach. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 
Island-  Outbound 

Reach  Location- Ship  Direction 

* 

Against  Ship  (Flood) 

Tide  Direction 

With  Ship  (ebb) 

Which  situation  is  more  likely  to  result  in  grounding  in  the  B-SI  reach,  an  outbound  ship 
against  a  flood  tide  or  an  outbound  ship  with  an  ebb  tide? 

98765432123456789 

*  same  as  situation  1 


Table  F10.  Inbound  Ship  in  Bottleneck  to  Sundown  Reach. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Island-  Inbound 

Reach  Location- Ship  Direction 

* 

With  Ship  (Flood) 

Tide  Direction 

Against  Ship  (ebb) 

Which  situation  is  more  likely  to  result  in  grounding  in  the  B-SI  reach,  an  inbound  ship  with  a 
flood  tide  or  an  inbound  ship  against  an  ebb  tide? 

98765432123456789 

*  same  as  situation  1 


Level  3:  Attribute  Comparisons.  In  the  next  15  comparisons  of  the  factors 
or  attributes  important  to  navigation,  note  that  reach  location  and  ship 
direction  has  been  specified  for  each  comparison.  Assume  you  are  in 
difficult  transit  conditions  when  you  make  the  comparisons. 


Table  Fll.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Magnitude  of  Tidal  Currents 

Ship  Class 

Which  is  more  important  to  likelihood  of  grounding,  magnitude  of  tidal  currents  or  ship  class? 

9  8  7 

65432123456 

7  8  9 

*  same  as  situation  1 
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Table  F12.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Magnitude  of  Tidal  Currents 

Visibility 

Which  is  more  important  to  likelihood  of  grounding,  magnitude  of  tidal  currents  or  visibility? 

9  8  7 

65432123456 

7  8  9 

*  same  as  situation  1 


Table  F13.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Magnitude  of  Tidal  Currents 

Cross  currents  at  jetty 
entrance 

Which  is  more  important  to  likelihood  of  grounding,  magnitude  of  tidal  currents  or  cross 
currents  at  jetty  entrance? 

98765432123456789 

*  same  as  situation  1 


Table  F14.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Ship  Class 

Visibility 

Which  is  more  important  to  likelihood  of  grounding,  ship  class  or  visibility? 

9  8  7 

65432123456 

7  8  9 

*  same  as  situation  1 

Table  F15.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Cross  Currents 

Ship  Class 

Which  is  more  important  to  likelihood  of  grounding,  cross  currents  at  jetty  entrance  or  ship 
class? 

98765432123456789 

*  same  as  situation  1 
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Table  F16.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Cross  currents 

Visibility 

Which  is  more  important  to  likelihood  of  grounding,  cross  currents  at  jetty  entrance  or 
visibility? 

98765432123456789 

*  same  as  situation  1 


Table  F17.  Gulf  to  Bottleneck  Reach  -  Outbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Outbound 

Ship  Direction 

* 

Magnitude  of  Tidal  Currents 

Ship  Class 

Which  is  more  important  to  likelihood  of  grounding,  magnitude  of  tidal  currents  or  ship  class? 

9  8  7 

65432123456 

7  8  9 

*  same  as  situation  1 


Table  F18.  Gulf  to  Bottleneck  Reach  -  Outbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Outbound 

Ship  Direction 

* 

Magnitude  of  Tidal  Currents 

Visibility 

Which  is  more  important  to  likelihood  of  grounding,  magnitude  of  tidal  currents  or  visibility? 

9  8  7 

65432123456 

7  8  9 

*  same  as  situation  1 


Table  F19.  Gulf  to  Bottleneck  Reach  -  Outbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Outbound 

Ship  Direction 

* 

Ship  Class 

Visibility 

Which  is  more  important  to  likelihood  of  grounding,  ship  class  or  visibility? 

9  8  7 

65432123456 

7  8  9 

*  same  as  situation  1 


ERDC  TR-11-8 


230 


Table  F20.  Bottleneck  to  Sundown  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Inbound 

Ship  Direction 

* 

Magnitude  of  Tidal  Currents 

Ship  Class 

Which  is  more  important  to  likelihood  of  grounding,  magnitude  of  tidal  currents  or  ship  class? 

9  8  7 

65432123456 

7  8  9 

*  same  as  situation  1 


Table  F21.  Bottleneck  to  Sundown  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Inbound 

Ship  Direction 

* 

Magnitude  of  Tidal  Currents 

Visibility 

Which  is  more  important  to  likelihood  of  grounding,  magnitude  of  tidal  currents  or  visibility? 

9  8  7 

65432123456 

7  8  9 

*  same  as  situation  1 


Table  F22.  Bottleneck  to  Sundown  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Inbound 

Ship  Direction 

* 

Ship  Class 

Visibility 

Which  is  more  important  to  likelihood  of  grounding,  ship  class  or  visibility? 

98765432123456789 

*  same  as  situation  1 


Table  F23.  Bottleneck  to  Sundown  Reach  -  Outbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Magnitude  of  Tidal  Currents 

Ship  Class 

Which  is  more  important  to  likelihood  of  grounding,  magnitude  of  tidal  currents  or  ship  class? 

98765432123456789 

*  same  as  situation  1 
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Table  F24.  Bottleneck  to  Sundown  Reach  -  Outbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Magnitude  of  Tidal  Currents 

Visibility 

Which  is  more  important  to  likelihood  of  grounding,  magnitude  of  tidal  currents  or  visibility? 

9  8  7 

65432123456 

7  8  9 

*  same  as  situation  1 


Table  F25.  Bottleneck  to  Sundown  Reach  -  Outbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Ship  Class 

Visibility 

Which  is  more  important  to  likelihood  of  grounding,  ship  class  or  visibility? 

9  8  7 

65432123456 

7  8  9 

*  same  as  situation  1 


Level  4:  Attribute  Magnitude  Comparisons.  In  the  final  set  of  comparisons, 
you  will  be  comparing  the  magnitude  of  each  factor  or  attribute  important 
to  navigation. 


Table  F26.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

■k 

3-5  knots 

Tidal  Current  Magnitude 

* 

Daylight  restricted,  draft 

34  ft  and  greater 

Ship  Class 

* 

3  miles 

Visibility 

* 

Light 

Cross  Currents 

Medium 

Which  is  more  likely  to  ground,  light  cross  currents  at  jetty  entrance  or  medium  cross  currents 
at  jetty  entrance? 

98765432123456789 

*  same  as  situation  1 
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Table  F27.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

Daylight  restricted,  draft  34  ft 
and  greater 

Ship  Class 

* 

3  miles 

Visibility 

* 

Medium 

Cross  Currents 

Strong 

Which  is  more  likely  to  ground,  light  cross  currents  at  jetty  entrance  or  medium  cross  currents  at  jetty 
entrance? 

98765432123456789 

*  same  as  situation  1 


Table  F28.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

Daylight  restricted,  draft  34  ft 
and  greater 

Ship  Class 

* 

3  miles 

Visibility 

* 

Light 

Cross  Currents 

Strong 

Which  is  more  likely  to  ground,  light  cross  currents  at  jetty  entrance  or  medium  cross  currents  at  jetty 
entrance? 

98765432123456789 

*  same  as  situation  1 


Table  F29.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

Daylight  restricted,  draft  34  ft 
and  greater 

Ship  Class 

* 

3  miles 

Visibility 

* 

Medium 

Cross  Currents 

* 

Less  than  3  knots 

Tidal  Current  Magnitude 

3  knots  to  less  than  5  knots 

Which  is  more  likely  to  ground,  <  3  knot  tidal  currents  in  the  bottleneck  or  3  knots  to  less  than  5  knot  tidal 
currents  in  the  bottleneck? 

98765432123456789 

*  same  as  situation  1 
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Table  F30.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

Daylight  restricted,  draft  34  ft 
and  greater 

Ship  Class 

* 

3  miles 

Visibility 

* 

Medium 

Cross  Currents 

* 

3  knots  to  less  than  5  knots 

Tidal  Current  Magnitude 

5  knots  and  greater 

Which  is  more  likely  to  ground,  3  knots  to  <  5  knots  tidal  currents  in  the  bottleneck  or  5  knots  and  greater  tidal 
currents  in  the  bottleneck? 

98765432123456789 

*  same  as  situation  1 


Table  F31.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

Daylight  restricted,  draft  34  ft 
and  greater 

Ship  Class 

* 

3  miles 

Visibility 

* 

Medium 

Cross  Currents 

* 

Less  than  3  knots 

Tidal  Current  Magnitude 

5  knots  and  greater 

Which  is  more  likely  to  ground,  <  3  knot  tidal  currents  in  the  bottleneck  or  5  knots  and  greater  tidal  currents  in 
the  bottleneck? 

98765432123456789 

*  same  as  situation  1 


Table  F32.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

3  miles 

Visibility 

* 

Medium 

Cross  Currents 

* 

Not  Daylight  Restricted,  during 

Ship  Class 

Not  Daylight  Restricted,  at 

daytime 

nighttime 

Which  is  more  likely  to  ground,  not  daylight  restricted  ship  during  daytime  or  not  daylight  restricted  ship  at 
nighttime? 

9  8 

7654321234567 

8  9 

*  same  as  situation  1 
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Table  F33.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

3  miles 

Visibility 

* 

Medium 

Cross  Currents 

* 

Not  Daylight  Restricted,  during 

Ship  Class 

Daylight  Restricted,  draft  less  than 

daytime 

34  ft 

Which  is  more  likely  to  ground,  not  daylight  restricted  ship  during  daytime  or  daylight  restricted  ship  with  draft 
less  than  34  ft? 

9  8 

7654321234567 

8  9 

*  same  as  situation  1 


Table  F34.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

3  miles 

Visibility 

* 

Medium 

Cross  Currents 

* 

Not  Daylight  Restricted,  during 

Ship  Class 

Daylight  Restricted,  draft  34  ft  and 

daytime 

greater 

Which  is  more  likely  to  ground,  not  daylight  restricted  ship  during  daytime  or  daylight  restricted  ship  with  draft 
34  ft  and  greater? 

9  8 

7654321234567 

8  9 

*  same  as  situation  1 


Table  F35.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

3  miles 

Visibility 

* 

Medium 

Cross  Currents 

* 

Not  Daylight  Restricted,  at 

Ship  Class 

Daylight  Restricted,  draft  less 

nighttime 

than  34  ft 

Which  is  more  likely  to  ground,  not  daylight  restricted  ship  at  nighttime  or  daylight  restricted  ship  with  draft 
less  than  34  ft? 

9  8 

7654321234567 

8  9 

*  same  as  situation  1 
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Table  F36.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

3  miles 

Visibility 

* 

Medium 

Cross  Currents 

* 

Not  Daylight  Restricted,  at 
nighttime 

Ship  Class 

Daylight  Restricted,  draft  34  ft 
and  greater 

Which  is  more  likely  to  ground,  not  daylight  restricted  ship  at  nighttime  or  daylight  restricted  ship  with  draft  34 
ft  and  greater? 

9  8 

7654321234567 

8  9 

*  same  as  situation  1 


Table  F37.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

3  miles 

Visibility 

* 

Medium 

Cross  Currents 

* 

Daylight  Restricted,  draft  less 

Ship  Class 

Daylight  Restricted,  draft  34  ft  and 

than  34  ft 

greater 

Which  is  more  likely  to  ground,  daylight  restricted  ship  with  draft  less  than  34  ft  or  daylight  restricted  ship  with 
draft  34  ft  and  greater? 

9  8 

7654321234567 

8  9 

*  same  as  situation  1 


Table  F38.  Gulf  to  Bottleneck  Reach  -  Inbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Gulf  to  Bottleneck 

Location 

* 

Inbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

Medium 

Cross  Currents 

* 

Daylight  Restricted,  draft  34  ft 
and  greater 

Ship  Class 

* 

3  miles  or  less 

Visibility 

Greater  than  3  miles 

Which  is  more  likely  to  ground,  visibility  of  <=  3  miles  or  visibility  of  greater  than  3  miles? 

98765432123456789 

*  same  as  situation  1 


Note  to  Pilots:  End  of  gulf  to  bottleneck  comparisons. 
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Note  to  Pilots:  New  reach  -  Bottleneck  to  Sundown  Island. 


Table  F39.  Bottleneck  to  Sundown  Reach  -  Outbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

Daylight  restricted,  draft  34  ft 
and  greater 

Ship  Class 

* 

1  mile 

Visibility 

* 

Less  than  3  knots 

Tidal  Current  Magnitude 

3  knots  to  less  than  5  knots 

Which  is  more  likely  to  ground,  <  3  knot  tidal  currents  in  the  bottleneck  or  3  knots  to  less  than  5  knot  tidal 
currents  in  the  bottleneck? 

98765432123456789 

*  same  as  situation  1 


Table  F40.  Bottleneck  to  Sundown  Reach  -  Outbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

Daylight  restricted,  draft  34  ft 
and  greater 

Ship  Class 

* 

1  mile 

Visibility 

* 

3  knots  to  less  than  5  knots 

Tidal  Current  Magnitude 

5  knots  and  greater 

Which  is  more  likely  to  ground,  3  knots  to  <  5  knots  tidal  currents  in  the  bottleneck  or  5  knots  and  greater  tidal 
currents  in  the  bottleneck? 

98765432123456789 

*  same  as  situation  1 


Table  F41.  Bottleneck  to  Sundown  Reach  -  Outbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

Daylight  restricted,  draft  34  ft 
and  greater 

Ship  Class 

* 

1  mile 

Visibility 

* 

Less  than  3  knots 

Tidal  Current  Magnitude 

5  knots  and  greater 

Which  is  more  likely  to  ground,  <  3  knot  tidal  currents  in  the  bottleneck  or  5  knots  and  greater  tidal  currents  in 
the  bottleneck? 

98765432123456789 

*  same  as  situation  1 
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Table  F42.  Bottleneck  to  Sundown  Reach  -  Outbound  Ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

1  mile 

Visibility 

* 

Not  Daylight  Restricted,  during 

Ship  Class 

Not  Daylight  Restricted,  at 

daytime 

nighttime 

Which  is  more  likely  to  ground,  not  daylight  restricted  ship  during  daytime  or  not  daylight  restricted  ship  at 
nighttime? 

9  8 

7654321234567 

8  9 

*  same  as  situation  1 


Table  F43.  Bottleneck  to  Sundown  Reach  -  Outbound  ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

1  mile 

Visibility 

* 

Not  Daylight  Restricted,  during 
daytime 

Ship  Class 

Daylight  Restricted,  draft  less  than 
34  ft 

Which  is  more  likely  to  ground,  not  daylight  restricted  ship  during  daytime  or  daylight  restricted  ship  with  draft 
less  than  34  ft? 

98765432123456789 

*  same  as  situation  1 


Table  F44.  Bottleneck  to  Sundown  Reach  -  Outbound  ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

1  mile 

Visibility 

* 

Not  Daylight  Restricted,  during 

Ship  Class 

Daylight  Restricted,  draft  34  ft  and 

daytime 

greater 

Which  is  more  likely  to  ground,  not  daylight  restricted  ship  during  daytime  or  daylight  restricted  ship  with  draft 
34  ft  and  greater? 

9  8 

7654321234567 

8  9 

*  same  as  situation  1 
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Table  F45.  Bottleneck  to  Sundown  Reach  -  Outbound  ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

1  mile 

Visibility 

* 

Not  Daylight  Restricted,  at 

Ship  Class 

Daylight  Restricted,  draft  less  than 

nighttime 

34  ft 

Which  is  more  likely  to  ground,  not  daylight  restricted  ship  at  nighttime  or  daylight  restricted  ship  with  draft 
less  than  34  ft? 

9  8 

7654321234567 

8  9 

*  same  as  situation  1 


Table  F46.  Bottleneck  to  Sundown  Reach  -  Outbound  ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

1  mile 

Visibility 

* 

Not  Daylight  Restricted,  at 
nighttime 

Ship  Class 

Daylight  Restricted,  draft  34  ft  and 
greater 

Which  is  more  likely  to  ground,  not  daylight  restricted  ship  at  nighttime  or  daylight  restricted  ship  with  draft  34 
ft  and  greater? 

98765432123456789 

*  same  as  situation  1 


Table  F47.  Bottleneck  to  Sundown  Reach  -  Outbound  ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

1  mile 

Visibility 

* 

Daylight  Restricted,  draft  less 

Ship  Class 

Daylight  Restricted,  draft  34  ft  and 

than  34  ft 

greater 

Which  is  more  likely  to  ground,  daylight  restricted  ship  with  draft  less  than  34  ft  or  daylight  restricted  ship  with 
draft  34  ft  and  greater? 

9  8 

7654321234567 

8  9 

*  same  as  situation  1 


ERDC  TR-11-8 


239 


Table  F48.  Bottleneck  to  Sundown  Reach  -  Outbound  ship. 


Situation  1 

Attribute 

Situation  2 

Bottleneck  to  Sundown 

Location 

* 

Outbound 

Ship  Direction 

* 

Flood 

Tide  Direction 

* 

3-5  knots 

Tidal  Current  Magnitude 

* 

Daylight  Restricted,  draft  34  ft 
and  greater 

Ship  Class 

* 

1  mile  or  less 

Visibility 

Greater  than  1  mile 

Which  is  more  likely  to  ground,  visibility  of  <  =  1  mile  or  visibility  of  greater  than  1  mile? 

98765432123456789 

*  same  as  situation  1 
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